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Comparative avaUdbilUy of ammonium phosphate with other nitrogenous fertilizers 

as shown by nitrification 

The method adopted was the ordinary tumbler-fresh-soil method, 100- 
gm. portions of a loam soil being used. In addition to ammonium phosphate, 
ammonium sulfate, dried blood, cottonseed meal and tankage were used, each 
tumbler receiving the same amount of nitrogen as that present in 100 mgm. of 
ammonium sulfate. The soil used was slightly acid and in order to make 
conditions more favorable for the nitrif3dng bacteria 0.5 gm. of ground lime- 
stone was added to each tumbler. The fertilizers were thoroughly mixed 
with the soil by means of a soil shaker (16). The tumblers were then allowed 
to incubate at room temperature for varying lengths of time, as shown in 
table 3, and the nitrates extracted by leaching from the soil with 500 cc. of 
water and determined in an aliquot of the filtrate by the phenol-disulfonic 
acid method. The data are given in table 3 and shown graphically in figure 1. 

It will be noticed that ammonium phosphate compares very favorably 
with ammonium sulfate and the other nitrogenous fertilizers used. The data 
show that in this particular soil ammonium phosphate does not nitrify quite 
as rapidly as ammonium sulfate but after one month there is. little difference. 
When compared with dried blood, cottonseed meal and tankage, amm* nium 
phosphate shows a much higher availability. The relative positk ns c f these 
last-named materials, when compared with the ammonium phosphate fertilizer 
or with each other, does not change, regardless of the incubatic n period. 

In three cases nitrification of the fertilizer added amounted to more than 
100 per cent, doubtless because of the inaccuracy of the phcnol-disulfonic acid 
method in the presence of soluble organic matter, various soluble salts and 
large amounts of nitrate nitrogen. It is barely possible that the fertilizei 
stimulated the nitrification of the organic matter of the soil, but this is 
improbable. 


Comparative rate of nitrification of nitrogenous fertilizers in different soils 


This experiment was carried out in tunlblers with fresh soil according to the 
method previously given, equivalent amounts of nitrogen (20.7 mgm. per 
tumbler) being applied in each case. The two soils used were a Penn loam 
taken from a very fertile garden and a Sassafras loam of medium fertility 
taken from a meadow. Both soils were slightly acid but 0.5 per cent of cal- 
cium carbonate was addvd to all tumlilers to neutralize the acidity. The 
results obtaine4<<|re given in table 4 and shown diagrammatically in figures 
2 and 3. ' 


It will be not|?i!(»f^at ijn the garden soil, as in the case of experiments pre- 
viously report^l^ ammoniuhi plm’^hafe and aowaxonium sulfate are both 
rapidly nitrified And at about the ia at tb^ various 

incubation periods Are so slight tW Juddered within 
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TABLE 4 

Rate of niirification of fertilizers in soils 



garden loam 

MEADOW LOAM 

TREATMENT 

Nitrate nitro- 
gen 

Average 

Increase over 
check 

Per cent nitri- 
fied 

Nitrate nitro- 
gen 

Average 

u 

> 

O 

h 

1 “ 

Per cent nitri- 
fied 


2 weeks 


Acid phosphate | 

mgm. 

0.72 

0.69 

mgm. 

0 71 

mgm. \ 


mgm. 

0.52 

0.44 

mgm. 

0.48 

mgm. 


Ammonium phosphate | 

9 03 
8.89 

8.96 

8.25 

39.85 

5.56 

6.67 

6.11 

5.63 

27.19 

Ammonium sulfate and acid phosphate. | 

6 94 
8.35 

7.63 

6.92 

33.43 

4.17 

4.17 

1 

4.17 

3 69 

17.77 

Dried blood and acid phosphate | 

4.30 

4.72 

4.51 

3.80 

18.36 

4.03 
3 61 

3.82 

3.34 

16.13 

Cottonseed meal and acid phospl^te. . | 

4 72 
4.86 

4.79 

4.08 

19.71 

2.91 

2.99 

2 95 

2.47 

11.93 


4 weeks 


Acid phosphate | 

1.02 

0.97 

1.00 



0.66 

0.63 

0.65 



Ammonium plfosphate | 

15.29 

18.07 

16.68 

15.68 

75.75 

11.95 

11.12 

11.53 

10.88 

52.56 

Ammonium sulfate and acid phosphate | 

16.68 

18,07 

17.37 

16.37 

79.08 

13.07 

11.12 

12.09 

11.44 

55.26 

Dried blood and acid phosphate | 

10.84 

9.73 

10.28 

9.28 

44.83 

11.40 

9.73 

10.56 

9.91 

47.87 

Cottonseed meal and acid phosphate. . | 

lost 

9.73 

1 

9.73 

8.73 

42.17 

6.12 

6.67 

6.39 

5.74 

27.72 


6 weeks 


Acid phosphate | 

1.63 

1.65 

1.64 


1 

M 




Ammonium phosphate | 

m 

22.93 

21.29 

■ 

m 


12.27 

59.27 

Ammonium sulfate and acid phosphate. | 


22.51 




14.31 

13.52 

65.31 

Dried blood and acid phosphate | ! 

16.40 

13.90 

15.15 

13.51 

65.26 

11.12 

lost 

11.12 

10.33 


Cottonseed meal and acid phosphate. . | 

12.79 

12.79 

12.79 

11.15 

53.86 

HR! 

m 

7.64 

6.85 

% 

33.09 
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TABLE 4— (Concluded) 

I GASDEN LOAM I MEADOW LOAM 





> 

i 

o 

a 

ii 

a 

§■3 



a< 


8 weeks 


Acid phosphate | 

tngm. 

1.32 

1.42 

mgm, 

1.37 

mgm. 


mgm. 

0.86 

0.88 

mgm. 

0.87 

mgm. 


Ammonium phosphate | 

19.11 

19.33 

19.44 

18.07 

83.32 

13.77 

13.77 

13.77 

12 90 

62 31 

Ammonium sulfate and acid phosphate. | 

19 11 
18.89 

19.00 

17.63 

81.24 

14.44 

15.11 

!14.77 

13.90 

67.15 

Dried blood and acid phosphate | 

11.33 

12.00 

11.66 

10.29 

45.57 

12.22 

11.55 

11.88 

11.01 

53.18 

Cottonseed meal and acid phosphate. . | 

8.99 
8 66 

8.82 

7.45 

34.33 

7.33 
6 66 

6.99 

6 12 

29 56 


10 weeks 


Acid phosphate | 

1.73 

1.73 

1.73 



0 69 
0.78 

0.73 



Ammonium phosphate | 

16 44 
17.77 

17.10 

15.37 

74.25 

15.11 

15.33 

15.22 

14.49 

70.00 

Ammonium sulfate and acid phosphate. | 

15.31 

14.88 

15.19 

13.46 

65.02 

14.22 

15.33 

14.77 

14.04 

67.82 

r 

Dried blood and acid phosphate < j 

10 . 22 ! 

10.44 

10.33 

8.60 

41.55 

10.22 

11.11 

10.66 

9.93 

47.97 

Cottonseed meal and acid phosphate. . . | 

8.99 

8.99 

8.99 

7.26 

35.07 

7.77 
. 7.11 

7.44 

6.71 

32.89 

experimental error. Dried blood 

and 

cottonseed 

meal 

run 

very 

nearly to- 


gether and are much more slowly nitrified than the tWb ammonium fertilizers. 
Maximum nitrification was obtained in all cases after 6 weeks’ incubation. 
After this, small amounts of nitrate nitrogen were found because the nitrates 
Had been utilized by bacteria and fungi in the soil for their own growth and 
consequently were changed over to protein. This protein in turn is nitrified 
after the microorganisms die. 

The results obtained with the meadow soil are in general the same, except 
that nitrification does not proceed at as rapid a rate as in the garden soil, and 
the total accumulation of nitrates at any one time is never as large. Ammon- 
ium phosphate and ammonium sulfate run close together for the most part, 
but quite as consistently so as in the richer soil. Cottonseed meal for 
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some unknown reason ranks low, while dried blood shows a comparatively 
high availability as measured by nitrification. Maximum nitrification is 
obtained in the case of cottonseed meal at the end of 6 weeks, dried blood at 
the end of 8 weeks and the two ammonium fertilizers at the end of 10 weeks. 

The work reported in tables 3 and 4, in so far as it is comparable, agrees in 
a general way with that of Miinlz (26) who in comparative tests of the rate 
of nitrification of various nitrogenous fertilizers found that at the end of S 
months the relative standings were ammonium sulfate 100, calcium cyanamid 
88. dried blood 66 and leather 26. 



Lipman, Brown and Owen (19) in nitrification experiments, after an incu- 
bation period of 4 weeks, obtained the following percentages of recovery of 
nitrogen as nitrate from various sources of nitrogen: 



prr cent 

Ammonium sulfate. 

78.47 

('oncentrated tankage 

53.54 

Caldum cyanamid . 

52.56 

('ottonseed meal ... . ... 

30.64 

(J round fish 

26.15 

Dried blood . . . 

26.13 

Cow manure (solid and liquid, fresh) .... ... 

12.67 

Bone meal 

12.31 

Cow manure (solid, Ircsh) 

9.46 

Horse manure .... 

8.76 

Cow manure (solid and liquid, leached) 

4.4a 
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The same investigators (20) in another nitrification experiment, after an 
incubation of 7 weeks, obtained the nitrogen recovery noted below: 


.Xinmonium sulfate 

IJnseed meal 

Cottonseed meal . . . 
Soybean meal . ... 

(wpea 

Wheat flour 

Rye flour 


per cent 

73.30 

49.07 

42.87 

42.41 

33.12 

23.15 

13.84 



In these experiments the incubation period was for such a long time that 
no doubt the maximum nitrate production in the case of ammonium sulfate 
at least, had been reached prior to the end of the experiment. 

The work reported in tables 3 and 4, as well as that of Lipman and that of 
Miintz, just discussed, brings out very strikingly that as far as the organic 
forms of nitrogen are concerned the nitrogen-carbon ratio certainly plays an 
important r61e. The wider the ratio the more difficult it is for the micro- 
organisms to break down the compounds, and furthermore, the fungi are 
stimulated to a greater extent. These latter organisms as well as a large 
portion of the bacteria utilize the nitrates produced for their own growth, and 
consequently only a comparatively small proportion of the nitrate actually 
formed from substances of very wide nitrogen-carbon ratio may accumulate. 
In fact, the added material may actually decrease the amount of nitrates 
in the soil. On the other bknd, ammonium sulfate and ammonium phosphate, 
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when added to the soil, do not have such a marked effect upon the numbers 
of organisms, and furthermore, the processes of transformation are less com- 
plex. Organic fertilizers must be broken up into peptones, albumoses, amino 
acids and ammonia, and these in turn nitrified. The process is much longer 
and requires more energy than the mere converting of ammonia into nitrate, 

A discussion of nitrification as a method for the determination of avail- 
ability would not be complete without referring to the work of Lipman (17) 
which is in direct contrast with most of the nitrification experiments which 
have been reported. Using arid soils he found that low-grade nitrogenous 
materials and ammonium sulfate nitrify much more ^apidly than in humid 
soils, while on the other hand dried blood and other high-grade nitrogenous 
fertilizers nitrify slowly in these soils. The relative availabilities of the ferti- 
lizers were tested out in vegetation e3q>eriments and these results confirmed 
the nitrification data. Considering sodium nitrate as 100, ’the yields of barley 
in sand were 82 for calcium nitrate, 139 for ammonium sulfate, 101 for dried 
blood, 134 for cottonseed meal and 119 for steamed bone meal. Lipman 
states that “the nitrification method in the direct soil culture, for determining 
the relative availabilities of nitrogenous fertilizers of the organic or ammonia 
>^e, was feasible and more logical and specific in nature than other methods 
employed heretofore.” Under humid conditions other investigators also 
seem to have obtained res^sonably close agreement between nitrification and 
vegetation tests. 

Effect of different forms of lime on the rate of nitrification in soils 

The soils selected for this experiment were: first, a very acid sandy loam, 
so acid in fact that crops did not grow on it except under the most favorable 
climatic conditions; second, a heavy silt soil only moderately acid and growing 
good crops each year; and third, a shale loam, fairly fertile and neutral to 
litmus paper. 

, The methods used were practically the same as in the nitrification experi- 
ments already discussed, 100 gm. of fresh soil per tumbler being used, and the 
materials thoroughly mixed with the entire sample. Where ammonium sul- 
fate was applied 100 mgm. were added to each tumbler and where ammonium 
phosphate was used enough was added to supply the same amount of nitrogen 
as is present in the ammonium sulfate. To all tumblers except the checks 
and those receiving ammonium phosphate, 586 gm. of acid phosphate were 
added, thus making the amount of phosphorus the same as in the ammonium 
phosphate tumblers. Calcium carbonate, where used, was applied at the 
rate of 1 gm. per tumbler and calcium oxide at the rate of 560 mgm. The 
incubation period was 26 days. The results are given in table 5 and shown 
diagrammaticaUy in figure 4. 

An examination of this table brings out several points of interest. First, 
we notice, as has often been shown, that the addition of acid phosphate in- 
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creases the rate of nitrification of the soil organic matter. The use of calcium 
oxide, except in the most acid soil, produced a greater stimulation in nitrate 
production from the soil organic matter than did calcium carbonate. Where 
ammonium sulfate was applied to the very acid sandy loam soil in the presence 
of acid phosphate equivalent to that present in ammonium phosphate, the 
nitrate production was approximately two-thirds of that where ammonium 

TABLE '- 


Ejfect of different forms of lime on the rate of nitrification of ammonium phosphate afid ammonium 

sulfate 


TEEATMENT 

* 

SANDY LOAM 

SILT 

SHALE LOAM 

Nitrate nitro- 
gen 

0) 

bO 

<A 

h. 

V 

»»■ 

< 

Nitrate nitro- 
gen 

0/ 

&0 

ns 

< 

O 

*2 

a> 

c 

fa. n 

.t! ISO 

y. 

bo 

eS 

> 

< 


mgm. 

tngm. 

mgm. 

mgm. 

mgm. 

rngm. 

Check 1 

0.79 
0 79 

0.79 

0 79 
l.OS 

0.92 

0 79 
0 92 

0 85 

Acid phosphate | 

1.10 

1.05 

1.07 

1.18 

1.05 

1.11 

0.95 

0.95 

0.95 

Calcium oxide and acid phosphate | 

3.33 

3.19 

3 26 

3.53 

3.24 

3.38 

4 47 

5 00 

4.73 

Calcium carbonate and acid phosphate | 

3 S3 
3 82 

3 67 

1.32 

1.39 

1.35 

1 66 
1 93 

1 79 

Ammonium sulfate and acid phosphate | 

1.11 

1.11 

1.11 

7.89 

7.94 

7.91 

10 00 
9.65 

9.82 

Ammonium phosphate | 

1.94 

1.77 

1.85 

7.91 

7.68 

7.79 

11 67 
10.83 

11 25 

Ammonium sulfate, calcium oxide and acid phosphate | 

3 28 
3 19 

3.23 

1.85 

1.39 

1.62 

13 39 
12 99 

13 19 

Ammonium phosphate and calcium oxide | 

2.36 

2.36 

2.36 

2.05 

2.89 

2.47 

10 26 
11.17 

10.71 

Ammonium sulfate, calcium carbonate and acid / 

13.23 


10 88 


16 65 


phosphate ( 

13.53 

13.37 

10.58 

10.73 

14.43 

15.54 i 

Ammonium phosphate and calcium carbonate | 

13.81 

13.41 

13.61 

11.84 

11.56 

11.71 

17.11 

16.81 

1 

16.9^ 


phosphate was used alone, but in both cases the amount of nitrate was 
slightly above that in the checks. In the silt loam the difference betwetA. 
the two fertilizers in the absence of lime was within experimental error, bu 
the increases over the checks were very great, showing that the soil was not' 
badly in need of linae. In the shale loam there was a slightly greater accumu- 
lation of nitrate from ammonium phosphate than from ammonium sulfate, 
the difference being approximately 14 per cent in favor of the former fertilizer. 
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As was previously stated, this soil was neutral to litmus paper and consequently 
contained a vigorous nitrif3dng flora which transformed the ammonia rapidly, 
even without the addition of lime. 

In the presence of calcium oxide and acid phosphate, ammonium sulfate 
showed approximately one-third greater nitrate accumulation in the very 

Check Ac. phos. Ac.phos. & Ain.Sulf Am. phos. 


8c & 

0 CaO CaCO., 0 CaO CaCO, 0 CaO CaCO. 



Fig. 4, Duqjiam Showing the Effeci of Different Forms of Lime on the Rate of 
Nitrificati6n of Ammonium Phosphate and Ammonium Sulfate 
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acid sandy loam than did ammonium phosphate. In the shale loam there 
was also a difference of about 23 per cent in favor of ammonium sulfate where 
calcium oxide was used. However, the reverse is true in the silt loam, ammon- 
ium phosphate showing a 50 per cent increase over ammonium sulfate. It is 
interesting to note that the calcium oxide caused only comparatively slight 
increases in nitrate production in two soils and an actual depression in the 
third. Evidently calcium oxide is sufficiently caustic to kill some of the soil 
organisms, or at least to inhibit their proper multiplication in many cases. 

Without exception the soils receiving calcium carbonate showed a greater 
accumulation of nitrates from both the ammonium fertilizers than any of the 
other treatments. It happened that in all three soils ammonium phosphate 
in the presence of calcium carbonate showed a slightly higher availability 
by nitrification than did ammonium sulfate, but the differences are nearly 
if not completely within experimental error. 

In general, then, from the results reported in table 5 we may say that am- 
monium phosphate is directly comparable with ammonium sulfate in nitri- 
fiability where acid phosphate is added to the ammonium sulfate in amounts 
equivalent to the phosphorous in ammonium phosphate. The three soils 
used were of quite widely different types, yet the fertilizers under a given set 
of conditions gave similar results. 

Effect of ammonium phosphate upon ammonijication 

In order to determine if the addition of a fertilizer, like ammonium phos- 
phate, which contains all of its nitrogen in the form of ammonia, would hinder 
the ammonification of organic matter added to the soil, the experiment 
recorded in table 6 was carried out. The soil chosen was a neutral sandy 
loam from the college farm, 100-gm. samples being weighed out into tumblers 
and the dried blood, green alfalfa and cottonseed meal thoroughly mixed 
with the sample according to the method followed in the nitrification experi- 
ments. Dried blood was applied at the rale of 2 gm. per tumbler, which 
expressed as nitrogen amounts to 252 mgm. The cottonseed meal and green 
alfalfa were analyzed and sufficient added to equal the nitrogen in the dried 
blood. After incubation at room temperature for 8 days the ammonia which 
had accumulated was determined by distillation with magnesium oxide. 
These results are given in table 6 and figure 5. 

A study of the ammonification results shows that, in general, as the quantity 
of ammonium phosphate increases the amount of ammonia produced from 
dried blood decreases. The reverse is true of cottonseed meal, while the rate 
of ammonification of alfalfa remains practically constant. The large amount 
of ammonia produced from green alfalfa is especially significant, showing 
how rapidly the material will decay under favorable conditions. Fhe de- 
pression of ammonification of dried blood where ammonium phosphate is 
used as contrasted with the increase with cottonseed meal is to be expected, 
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TABLE 6 


Effect of ammonium phosphate upon ammonification 


TREATMENT 

NH, 

NITRO- 

GEN 

AVER- 

AGE 

IN- 

CREASE 

OVER 

CHECK 

PER 

CENT 

AMMION- 

IfTED 

Check 1 

mgm. 

1.69 

1.47 

mgm. 

1.58 

mgm. 


Dried blood | 

85.80 

86.24 

86.02 

85.44 

33.90 

Cottonseed meal | 

66.79 

67.75 

67.27 

65.69 

26.07 

Alfalfa 1 

64.97 

58.86 

61.91 

60.33 

23.94 

20 mgm. ammonium phosphate | 

1.47 

1.84 

1.65 



20 mgm. ammonium phosphate and dried blood | 

83.88 
82 83 

83 35 

81 70 

32.42 

20 mgm. ammonium phosphate and cottonseed meal. . . . | 

71.89 
73 97 

72.93 

71 28 

28.28 

20 mgm. ammonium phosphate and alfalfa | 

64.20 

60.38 

62 29 

60 64 

24.06 

40 mgm. ammonium phosphate | 

2.84 
3 03 

2 93 



40 mgm. ammonium phosphate and dried blood | 

77.71 

79.90 

78.80 

75.87 

30.11 

40 mgm. ammonium phosphate and cottonseed meal | 

71.69 

73.10 

72 39 

69 46 

27.56 

[ 

40 mgm. ammonium phosphate and alfalfa | 

65.85 
58 04 

61.94 

59 01 

23.41 

80 mgm. ammonium phosphate | 

7.61 

6.42 

7 01 



80 mgm. ammonium phosphate and dried blood | 

89.15 

87.46 

88.30 

81.29 

32.26 

80 mgm, ammonium phosphate and cottonseed meal | 

80.79 
85 27 

83.03 

76.02 

30.16 

80 mgm. ammonium phosphate and alfalfa | 

69.13 

66.37 

67.75 

60.74 

24.10 

120 mgm. ammonium phosphate | 

11.64 

11.74 

11.69 



120 mgm. ammonium phosphate and dried blood | 

lost 

91.19 

91.19 

79.50 

31.15 

120 mgm* ammonium phosphate and cottonseed meal | 

84.57 

86.22 

85.39 

73.70 

29.24 
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TABLE 6 (Concluded) 


TREATHENT 

NHi 

MITBO- 

GEN 

AVER- 

AGE 

IN- 

CREASE 

OVER 

CHECK 

PER 

CENT 

AICMON- 

msD 

120 mgm. ammonium phosphate and alfalfa | 

mgm. 

69.48 

73.31 

mtfk. 

71.39 

mgm, 

59.70 

23.69 

160 mgm. ammonium phosphate | 

16.60 

16.80 

16.70 



160 mgm. ammonium phosphate and dried blood | 

87.56 

95.62 

91.59 

74 89 

29.71 

160 mgm. ammonium phosphate and cottonseed meal. . | 

95 37 
100.30 

97.83 

81.13 

32.19 

160 mgm. ammonium phosphate and alfalfa | 

76 69 
78 06 

77.37 

60 67 

24 06 

200 mgm. ammonium phosphate | 

20 78 
21.47 

21 12 



200 mgm. ammonium phosphate and dried blood | 

99 19 
93 07 

96 13 

75 01 

29.76 

200 mgm. ammonium phosphate and cottonseed meal. . . . | 

97 16 
93.89 

95 52 

74 40 

29.52 

200 mgm. ammonium phosphate and alfalfa | 

82.05 
78 80 

80 42 

59.30 

23.53 

300 mgm. ammonium phosphate | 

32.67 
32 03 

32.35 



300 mgm. ammonium phosphate and dried blood . . | 

105 35 
103 66 

104 50 

72 15 

28.63 

300 mgm. ammonium phosphate and cottonseed meal. . . | 

115 15 
122 02 

128 58 

96.23 

38.18 

300 mgm- ammonium phosphate and alfalfa . | 

100 74 
93.53 

97.13 

64 78 

25.71 

1000 mgm. ammonium phosphate . . . | 

105.25 

105.05 

105.15 


1 

10(X) mgm. ammonium phosphate and dried blood . . . . | 

163 38 
173.13 

168 25 

6.5.10 

25.04 

KXK) mgm. ammonium phosphate and cottonseed meal | 

204 27 
192 04 

198 15 

93.00 

36.91 

1000 mgm. ammonium phosphate and alfalfa | 

169.95 

159.42 

164.67 

59.52 

23.62 


since ammonium salts, and especially ammonium phosphate, stimulate the 
growth of fungi, which in turn can decompose cottonseed meal more rapidly 
than dried blood because of its wider nitrogen-carbon ratio. 

Other investigators have reported similar results, among them being Lipman 
and Brown (18), who observed that sodium nitrate favors the growth of decay 
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bacteria. They attributed this to the fact that many saprophytic bacteria 
use nitrate and its presence, by increasing their numbers and vigor, results in 
an increased destruction of the humus. On the other hand, ammonium salts 
had a depressing effect upon the growth of bacteria but favored the fungi. 
The work here reported with ammonium phosphate, in general, gave similar 
results and agrees with the conclusions of these investigators concerning 
ammonium sulfate. 



Fig. 5. Diagram Showing the Effect of Ammonium Phosphate Upon Ammonification 


Utilization of ammonium phosphate and other nitrogenous salts by soil fungi 

As a supplement to the ammonification and nitrification work, some experi- 
ments were started to determine just how readily ammonium phosphate is 
utilized by soil fungi. A large number of organisms were isolated directly 
from the field and a few of the most vigorous growers selected for this work. 
In the first series pure tri-basic ammonium phosphate was used for comparison 
with ammonium sulfate. Almost without exception the growth obtained 
with the six organisms used was greater in the flasks containing the ammonium 
phosphate. A later series comparing ammonium phosphate with ammonium 
sulfate, ammonium nitrate, urea, ammonium carbonate, sodium nitrate, and a 
mixture of ammonium sulfate and sodiiun nitrite, five pure cultures of soil 
fungi, being used, again showed ammonium phosphate to be more favorable 
to the organisms than ammonium sulfate. However, the ammonium car- 
bonate medium was nearly as good as the ammonium phosphate. At the end 
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of the thirteenth day the ranking, as far as growth was concerned, was as 
follows: 


First . . Ammonium phosphate 

Second Ammonium carbonate 

Third Ammonium sulfate 

Fourth .. Urea 

Fifth ... Ammonium nitrate 

Sixth Sodium nitrate 

Seventh . . . Ammonium sulfate and sodium nitrite (no growth in most cases) 


One of the organisms used gave very poor growth in all cases except where 
the nitrogen supplied was in the form of ammonium phosphate. 

The fact that soil bacteria and fungi can utilize ammonium phosphate as 
well as and often better than any other ammonium salt may or may not be a 
point in favor of the phosphate. Since the phosphate favors the growth of 
the organisms of the soil it necessarily means that more of the nitrogen will 
be converted into insoluble protein when it becomes a part of the organism 
itself; thus the ammonia or nitrate produced from it is taken away from the 
use of the plant. The nitrogen fixed in this manner will again be made 
available later when the organisms die and undergo decomposition. The rate 
at which these processes may otcur in the soil is not well enough known to 
justify a definite statement as to the probability of the growth of the micro- 
organisms interfering with proper plant nourishment and development. Under 
normal conditions it is reasonable to suppose that the increased growth of 
bacteria and fungi following the application of ammonium phosphate would 
also act favorably on plant growth. Increased bacterial action causes more 
insoluble plant-food in the soil to become available and also hastens the decay 
of organic matter. The storing up of the nitrogen in the bodies of the soil 
organisms would merely fix it for the present and prevent a big stimulation 
of plant growth at the very first, followed by a decrease later, as often occurs 
when sodium nitrate is applied. There is still another factor to be considered. 
Under field conditions fertilizers are most commonly applied at about the time 
of planting. It is a month or longer, depending upon the crop being grown, 
before the plants will require very much nitrogen. The stimulation of bacteria 
and fungi, then, will result in the fixation of the nitrogen applied more quickly. 
In general, any change in the condition of the soil that has a beneficial effect 
on the bacteria in the soil will act favorably on the plants also. 

Pot experiments 

The purpose of these experiments was to determine the relative availability 
of the nitrogen and of the phosphorous in the ammonium phosphate fertilizer 
under varying soil conditions and with different soils. The effect of the 
common fertilizers on soil reaction also was among the points considered, 
especially in relation to the availability of each of the fertilizers. The ques- 
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tions, does ammonium phosphate show a residual effect and how is the soil 
affected by long continued use, also are at least partially answered. 

Comparative availability of various nitrogenous fertilizers and their effect upon 
soil reaction under greenhouse conditions 

For this experiment two soils were selected, a Norfolk sand and a Sassafras 
loam. The first of these was light in texture, low in fertility and had a lime- 
requirement of 714 pounds of calcium carbonate per 3,000,000 pounds of soil. 
The second was low in crop production, also, probably because of acidity rather 
than lack of nitrogen, phosphorous or potassium. Its lime-requirement was 
found to be 5000 pounds of calcium carbonate per acre. The soils were air- 
dried, sieved and weighed out into pots holding 20 pounds of soil. The fer- 
tilizers applied in addition to ammonium phosphate were ammonium sulfate, 
dried blood, and cottonseed meal. Two rates of application were made, 
namely, 1.5 gm. and 3 gm. of ammonium phosphate per pot and equivalent 
amoimts of nitrogen in the case of the other three fertilizers. Half of the pots 
received lime and the other half were left unlimed. In all cases where lime 
was applied enough was used to neutralize the acidity and 2 tons of calcium 
carbonate in excess. Two grams of potassium chloride were added to all 
pots and enough 16 per cent acid phosphate was applied to those pots not 
receiving ammonium phosphate to equal the phosphorous in this fertilizer. 
This was more phosphorous than the plants actually required but it was 
necessary to use this amount in order to eliminate the element as a variable 
factor. As is brought out later in the germination experiments, very large 
quantities of acid phosphate are required to injure plants and therefore the 
excess would not be expected to cause an injury. The fertilizers were mixed 
with the entire 20 pounds of soil, and barley planted on December 31, 1915. 
Soon after the plants were up mildew attacked them so badly that the crop 
was harvested on February 10 when the plants were about 10 inches in height. 
The plants were dried and analyzed and the results reported in table 7. 

No importance should be attached to these results since in many cases the 
fungus greatly decreased the yields. Immediately after harvesting the barley 
the pots were planted to buckwheat. This crop was chosen because of its 
quick growth and adaptability to greenhouse conditions and, above all, be- 
cause it is not attacked by the downy mildew. The yields and analyses are 
given in table 8. • 

After removing the crop the pots were again planted to buckwheat without 
the use of additional fertilizer. The results are given in table 9. As will be 
noticed from the 3 delds of the last crop the available plant-food had been 
practically exhausted by the barley and the two residual crops of buckwheat. 
The total yields of dry matter and the recoveries of nitrogen from these three 
crops are summarized in table 10. 

A glance at the summary table gives a fair indication of the availability 
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TABLE 7 


Comparative availability of various nitrogenous fertilizers in soil under greenhouse conditions 

First crop {barley) 


par 

NO. 

TREATMENT 

YIELD 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

NITRO- 

GEN 

AVERt 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 


Norfolk sand (167 mgm. of nitrogen added) 

Unlimed 




grams 

grams 

gram 

per cent 

per cent 

mgm. 

mgm. 

mgm. 

1 

2 

Check 1 

1.878 

1.707 

1 793 


2.77 

3.17 

2.97 

52.0 

54.1 

53.05 


3 

4 

Ammonium phos- f 

phate 1 

2.406 

2.278 

2.342 

0 549 

4.22 

3.90 

4.06 

101.5 

88.9 

95.20 

42.15 

5 

6 

Ammonium §ulfate. . | 

1 

2 342 
2 356 

2 349 

0 556 

4 01 
4.01 

4 01 

94 0 
94 4 

94.20 

41.15 

7 

8 

Dried blood | 

2 19l 
2.418 

2 305 

0.512 

3 55 
3.52 

3.54 

77 7 
85.2 

81.45 

28.40 

9 

10 

Cottonseed meal. . . | 

2 269 
2 255 

2 262 

0 469 

3 53 

3 60 

3.57 

SO 0 
81 1 

80.55 

27.50 


Limed 


11 

12 

Check 


2 023 
1 713 

1 868 


3.24 

3.53 

3 39 

65.6 
60 4 

63 00 


13 

14 

Ammonium phos- 
phate 

{ 

2 013 
2 127 

2 070 

0.202 

3 78 
3.78 

3.78 

76.0 

80.3 

78 15 

15.15 

15 

16 

Ammonium sulfate. 

{ 

1 768 

2 007 

1 888 

0 020 

3.89 

3.67 

3.78 

68 7 
73.7 

71.20 

8 20 

17 

18 

Dried blood 

{■ 

2 143 
1 810 

1 977 

0.109 

3 50 

3 77 

3.64 

75.0 

68.2 

71 60 

8.60 

19 

20 

Cottonseed meal. . . . 

■{; 

2.079 

1.965 

2.022 

0 154 

3 81 

3 64 

3.73 

79.2 

71.6 

75 40 

12.40 


Unlimed 


Sassafras loam (167 mgm. of nitrogen added) 


21 

22 

Check 1 

m 

2 555 


4.42 

4.18 

4.30 

101.80 

117.26 

109.53 


23 

24 

Ammonium phos- f 

phate \ 

2.377 

1.9.58 

2 168 

0 387 

4.33 

4.47 

4.40 

102.98 

87.60 

95.29 

-14 2# 

25 

26 

Ammonium sulfate.. . | 

2.458 

2.176 

2.317 

-0 238 

4.48 

4.63 


108.34 

100.70 

104.52 

- 5 01 

27 

28 

Dried blood | 


2.383 

-0.172 

4.35 

4.35 

4.35 

92.70 

114.60 

103.65 

- 5.88 

29 

30 

Cottonseed meal | 


2.196 

-0.359 

4.41 

4.51 

4.46 

101.40 

94.30 

97.85 

-11.68 
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TABLE 7— (Continued) 


POT 

KO. 

TREATMENT 

Y1EU> 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

NITRO- 

GEN 

AVER- 

AGE 

TOTAt 

NITRO- 

GEN 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

Limed 

31 

32 

Check 1 

grams 

2 283 
2.721 

grams 

2 452 

gram 

per cent 

4.52 

4.79 

per cent 

4.66 

mgm. 

103.15 

130.45 

mgm. 

116.80 

mgm. 

33 

34 

Ammonium phos- f 

phate * \ 

2.096 
2 471 

2.283 

-0 169 

5.10 

4.47 

4.79 

106 80 
110.55 

108 67 

- 8.13 

35 

36 

Ammonium sulfate.. | 

I.954I 

2.264 

2.109 

~0 343 

5.28 

4.61 

4 95 

103 20 
105.75 

104.47 

--12.33 

37 

38 

Dried blood | 

2.206 
2 368 

2 287 

--0. 165 

4.96 

4.61 

4.79 

109.48 
108 90 

109.19 

- 7.61 

39 

40 

Cottonseed meal. . . | 

2.071' 

2.341 

2 206 

-0 246 

4.51 

4 25 

4.38 

93.45 

99.55 

96.47 

-20.33 


Unlimed 


Norfolk sand (334 mgm. of nitrogen added) 


41 

42 

Check 1 

1.927 

2.028 

1.978 


3.12 

3.08 

3 10 

60.20 

62.40 

6U30 


43 

44 

Ammonium phos- f 

phate \ 

2.941 

2.363 

2.656 

0.678 

3.98 

4.03 

4.01 

117.05 

95.25 

106 15 

44 85 

45 

46 

Ammonium sulfate. . . | 

2.354 

2.919 

2 637 

0.659 

4.10 

4 28 

4.19 

96.60 

125.00 

110 80 

49.50 

47 

48 

Dried blood | 

2.709 

2.265 

2 487 

0.509 

3.87 

3 87 

3.87 

104.80 

87.70 

96.25 

34 95 

49 

50 

Cottonseed meal | 

2.656 

2.697 

2 677 

0.699 

3 98 
3.94 

3 96 

105.80 

106.15 

105.97 

44.67 


Limed 


51 

52 

Checked | 

1,883 

2.102 

1.993 


4.28 

3.27 

3.78 

80.70 

68.80 

74.75 


53 

54 

Ammonium phos- f 

phate \ 

2.321 

2.565 

2.443 

0.451 

3.82 

3 57 


88.10 

87.20 

87.65 

12.90 

55 

Ammonium sulfate. . . | 

2 079 
2 532 

2.306 

0 313 


3.98 


91.62 

16,87 

57 

58 

D^d blood 1 

2.318 

2,266 

2 292 

0 299 

3.94 

3.76 

3.85 


88.27 

13.52 


1 

Cottonseed meal | 

2 552 
2.626 

2.589 

0.597 

3.73 

3.75 

3.74 

95.10 

98.25 

96.67 

21.92 


Unlimed 


Sassafras loam (334 mgm. of nitrogen added) 


61 

62 

Check 1 

3.333 

3.745 

3.539 


4.37 

4.35 

4.36 


154.25 


63 

64 

Ammonium ,phos- f 
■ phate 1 

3.224 
3 123 

3.177 

-0.362 

4.42 

4.48 

4.45 


141.37 

-12.88 
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TABLE 7— (Concluded) 


POT 

NO. 

TREATMENT 

YIELD 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

NITRO- 

GEN 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

Sassafras loam (334 mgm. of nitrogen added) 

Unlimed 



grams 

grams 

gram 

percent 

per cent 

mgm. 

mgm. 

mgm. 

65 

66 

Ammonium sulfate. . | 

3.640 

3.436 

3 538 

~0 001 

4 46 
4.26 

4.36 

162 30 
146.36 

154 33 

0.08 

67 

68 

Dried blood j 

3.983 
4 224 

4.104 

0 565 

4 35 
4.79 

4.57 

173.30 
202 20 

187.75 

33.50 

69 

70 

Cottonseed meal. . | 

4.216 

4.579 

4 398 

i 

0 859 

4.30 

4 17 

4 24 

181.24 

191.24 

186 24 

31 99 


Limed 


71 

72 

Check 1 

4.406 

4.173 

4 290 


4.34 

4 64 

4 

49 

191.42 
194 25 

192.83 


73 

74 

Ammonium phos- f 

phate \ 

3 485 
3 649 

3 567 

-0 723 

4 61 

4 56 

4 

59 

160 68 
166 35 

163 51 

-29 32 

75 

76 

i 

Ammonium sulfate. . | 

3.732 
3 431 

3 583 

-0 707 

4 55 

4 62 

4 

59 

169 76 
158 65 

164 20 

-28 63 

77 

78 

Dried blood | 

3.809 
3 748 

3.779 

~0 511 

4 48 
4.50 

4 

49 

170 70 
168 66 

169 68 

-23 15 

79 

80 

Cottonseed meal. . . | 

3.169 

3.656 

3.413 

1 

-0.877 

4 41 

4 59 

4 

50 

139 60 
168 10 

153 85 

-38 98 


of ammonium phosphate as compared with other nitrogenous fertilizers. 
While in most cases the comparative availability of any two fertilizers is 
very nearly the same whether judged from the standpoint of crop yield or the 
recovery of nitrogen, it is better in this particular case to use the recovery of 
nitrogen as a basis of corap)arison, since two different kinds of crops were 
grown. 

In the case of pots 1 to 10, containing Norfolk sand without lime, ammoniiun 
phosphate ranked appreciably above ammonium sulfate and very much above 
the two organic fertilizers. When the same soil was limed the ratio of one 
fertilizer to another was practically the same, except that for some unknown 
reason cottonseed meal gave very much lower results. 

Referring to pots 41 to 60, where the same experiment was repeated except 
that twice as much nitrogen was applied, it will be noticed’ that the same ratios 
hold true. However, ammonium sulfate gave yields more nearly equal to 
ammonium phosphate, especially in the unlimed soil. The highest percentage 
recovery of the nitrogen applied was 69.94 per cent. 

As previously stated the Norfolk sand was very poor and only slightly 
acid, thus explaining why liming failed to cause any decided increases in crop 
yields. Considering the recovery of nitrogen in the Sassafras loam it will 
be noticed in the summary table that for pots 21 to 30, which were unlimed, 
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TABLE 8 

Comparative availabilUy of various nitrogenous fertilizers in soil under greenhouse conditions 

Second crop (Buckwheat) 


POT 

NO. 

TREATMENT 

YIEU) 

AVER- 

AGE 

INCREASE 

OVER 

1 CHECK 

WTRO 

OEN 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

Unlimed 


Norfolk sand 






1 

2 

Check 1 

grams 

4.6 

4.0 

grams 

4.3 

grams 

percent 

1.29 

1.16 

percent 

1.23 

mgm . 

59.34 

46.40 

mgm . 

52.87 

mgm . 

3 

4 

Ammonium phos- f 
phate \ 

15.4 

16.7 

16.05 

11.75 

0.73 

0.72 

0.73 

112.42 

120.24 

116.33 

63.46 

5 

6 

Ammonium sulfate. . . | 

15.7 

14.4 

15.05 

10.75 

0.68 

0.73 

0.71 

106.76 

105.12 

105.94 

63.97 

7 

8 

Dried blood | 

11.2 

10.6 

10.9 

6.60 

0.83 

1.12 

0.98 

92.96 

118.72 

105.84 

52.97 

9 

10 

Cottonseed meal | 

10.5 

11.0 

10 . 75 | 

6.45 

0.83 i 
0.83 

0.83 

87.15 

91.30 

89.23 

36.36 

Limed 

11 

12 

Check 1 

10.9 

10.6 

10 75 


1.03 

0.92 

0.98 

112.27 

97.52 

104.90 


13 

14 

Ammonium phos- f 
phate \ 

26.2 

22.5 

24,35 

13.60 

0.70 

0.80 

0.75 

183.40 

180.00 

181.70 

76.80 

15 

16 

« 

Ammonium sulfate. . . | 

20.0 
22 8 

21.40 

10.65 

0.86 

0.74 

0 80 

162.00 

168.72 

165.36 

60.46 

17 

18 

Dried blood | 

20.2 

20.6 

20.40 

9.65 

0.79 

0.81 

0.80 

159.58 

166.86 

163.22 

58.32 

19 

20 j 

Cottonseed meal. - I 

17.0 

15.7 

16.35 

5.60 

0.82 

0.86 

0.84 

139.40 

135.02 

137.21 

32.31 


Unlimcd 


Sassafras loam 


21 

22 

Check 1 

24.8 

25.0 

24 90 


0.99 

0.99 

0.992 

245.52 

247.52 

246.51 


23 

24 

Ammonium phos- f 
phate \ 

26.3 
35 0 


5.75 

1.15 

0.97 

1.06 

B 


56.72 

25 

26 

Ammonium sulfate.. . | 

25.3 
27 0 


1.25 

1.29 

1.36 

1.32 

B 

346.79 

100.75 

27 

28 

Dried blood | 

29.0 
33 2 

31.10 

6.20 

1.11 

1.06 

1.09 

H 

336.91 

90.40 

29 

30 

Cottonseed meal. . . .• . | 

30.2 

29.4 

29,80 

4.90 

1.12 

1.05 

1.09 

1 

323.47 

76.96 
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TABLE S— (Continued) 


POT 

NO. 

TREATMENT 

YIEU> 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

NTTRO- 

CEN 

AVER* 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

Limed 

31 

32 

Check 1 

grams 

37.6 

32.3 

grams 

34.95 

grams 

percem 

0.85 

0 87 

percent 

0.86 

mgm, 1 

319.60 

281.01 

mgm. 

300.31 

mgm. 

33 

34 

Ammonium phos- f 
phate \ 

lost 

36.6 

36 6 

1.65 

1.18 

1.180 

431 88 

431.88 

131.57 

35 

36 

Ammonium sulfate. . . | 

lost 

36.8 

36 80 

1.85 

1.12 

1.120 

412 16 

412.16 

111.85 

37 

38 

Dried blood | 

lost 

37.8 

37.80 

2.85 

1.03 

1.030 

389.34 

389.34 

89.03 

39 

40 

Cottonseed meal | 

30 0 
37.2 

33.60 

-1.35 

1.01 

0.96 

0.985 

303 00 
357.12 

330 06 

29.75 


Norfolk sand 

Unlimcd 


41 

42 

Check 1 

6 8 
5.1 

5.95 


1.01 

1.21 

1.110 

68 68 
61.71 

65.20 


43 

44 

Ammonium phos- f 
phate \ 

35.5 

35.5 

35.50 

29.55 

0.63 

0.67 

0 650 

223.65 

237.85 

230.75 

165.55 

45 

46 

Ammonium sulfate. . . | 

32.5 

34.8 

33.65 

27.70 

0.71 

0.62 

0.665 

230.75 

215.76 

223.26 

158.56 

47 

48 

Dried blood | 

24 3 
26.8 

25.55 

19.60 

0.70 

0.73 

0.715 

170 10 
195.64 

182.87 

117.67 

49 

50 

Cottonseed meal | 

21.5 

21.0 

21.25 

15.30 

0.73 

0.74 

0 735 

156.95 

155.40 

156.18 

90.98 


Limed 


51 

*52 

Check 1 




0.90 

0.87 

0 89 

81.90 

89.61 

85.76 


53 

54 

Ammonium phos- f 
phate \ 

34 6 
33.8 

34.20 

24.50 

0.83 

0.83 

0.83 

287.18 

280.54 

283.86 

198.10 

55 

56 

Ammonium sulfate.. . | 

33.4 

34.7 

34.05 

24.35 

0.82 

0.79 

0.81 

273.88 

274.13 

274.01 

188.25 

57 

58 

Dried blood | 

23.2 

31.6 

27.40 

17.70 

0 85 
0.83 

0.84 

1 

197.20 

265.441 

231.32 

145.56 

59 

60 

Cottonseed meal < 

24.8 

20.0 

22.40 

12.70 

0.83 
0.87 j 

0.85 

205.84 
174. OOj 

189.92 

104.16 
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TABLE S— -(Concluded) 


POT 

NO. 

TREATICXNT 

YIELD 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

NITRO- 

GEN 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

Unlimed 

* 


Sassafras loam 






61 

62 

Check 

■ 

grams 

21.5 
17 6 

grams 

19.55 

grams 

per cent 

1 02 
1.33 

per cent 

1.18 

mgm^ 

219 30 
234 08 

mgm. 

226.69 

mgm. 

63 

64 

Ammonium 
phate.. . . 

phos- 1 

36.5 

36.6 

36 55 

17 00 

1.18 

1.19 

1.19 

430 70 
435.54 

433.12 

206.43 

65 

66 

Ammonium sulfate. | 

21.5 I 
23 0 ! 

22 25 

3 70 

2.09 

2.19 

2.14 

449.50 

503.70 

476.60 

249.91 

67 

68 

Dried blood. 

■ { 

28 2 
lost 

28 20 

8 65 

1 41 

1 41 

397.62 

397.62 

170 93 

69 

70 

Cottonseed meal. | 

25 8 
28 6 

27 20 

7 65 

1 18 

1 17 

1.18 

304 44 
334 62 

319.53 

92 84 

Limed 


T 








71 

72 

Check 

^ ■ ( 

28.6 
38 4 

! 33.50 


1 04 

1 08 

1 06 

297.44 
414 72 

356 08 


73 

74 

Ammonium 

phate. 

phos- 1 

43 8 

1 40 5 

42 15 

8 65 

1 07 

1 07 

1 07 

468 66 
433.35 

451 01 

94.93 

75 

76 

Ammonium sulfate. . . | 

44 5 

45 5 

45 00 

11 50 

1.10 

1 03 

1 07 

489.50 
468 65 

479 08 

123 00 

77 

78 

Dried blood . . 

■ { 

35 6 
40 8 

38 20 

4 70 

1 08 

1 02 

1.05 

384.48 

416.16 

400 32 

44 24 

79 

80 

Cottonseed meal. . | 

36 4 
38 7 

37 55 

4 05 

1 05 

1 02 

1 04 

382 20 
394.74 

388 47 

32.39 


ammonium sulfate ranked first, ammonium phosphate second, and dried blood 
and cottonseed meal, third and fourth, respectively. When lime, was used, 
the recovery from ammonium phosphate was nearly 7 per cent higher than 
from ammonium sulfate and decidedly above that from the two organic 
fertilizers. 

In pots 61 to 80 where large quantities of nitrogen were used similar results 
were obtained, with the exception that ammonium phosphate stood second in 
both cases. This Sassafras loam which was not very much heavier than the 
Norfolk sand was more acid and richer in nitrogen. This Explains the results 
obtained, especially as regards the low recovery of nitrogen in most cases. 
Liming made the nitrogen already in the soil available, so that fertilizers did 
not always show large increases. It is to be regretted that ^^damping-off^' 
fungi attacked the young plants in a few of the pots and results from these 
cannot be given. Pots 33, 35 and 37 accidently received an application of 
fertilizer after the crop of barley was grown and these must be eliminated in 
considering the data. 
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TABLE 9 


Comparative availability of various nitrogenous fertilizers in soil under greenhouse conditions 

Third crop (buckwheat) 


POT 

NO. 

TREATMENT 

YIELD 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

NITRO- 

GEN 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

Unlimed 


Norfolk sand 






1 

2 

Check 1 

grams 

0 0 

0 1 

grams 

0.05 

grams 

percent 

0.00 

2.10 

per cent 

2.10 

mgm. 

0.00 
2 10 

m[m 

1,05 

mgm. 

3 

4 

Ammonium phos- f 
phate \ 

0 1 
0.6 

0 35 

0.30 

2.10 

1 85 

1.98 

2 10 
10 90 

6.50 

5.45 

5 

6 

Ammonium sulfate, . . | 

0.1 

0 0 

0 05 

0 00 

2 05 
0.00 

2.05 

2.05 
0 00 

1.02 

-0.03 

7 

8 

Dried blood | 

0 6 

0 1 

0.35 

0 30 

1.75 

2 00 

1 88 

10.50! 

2.00 

6.25 

5.20 

<> 

10 

Cottonseed meal. . . . | 

0.6 

0.3 

0.45 

0.40 

1 99 

1 77 

1.88 

11.90 

5.30 

8 55 

7.50 


Limed 




grams 

grams 

grams 

per cent 

per cent 

mgm. 

mgm. 

mgm. 

11 

12 

Check 1 

0 6 
1.0 

0 80 


1.85 

1.71 

1.78 

11.10 
17 10 

14.10 


13 

Ammonium phos- f 

1 9 

• 


1.66 


31 54 



14 

phate \ 

1.4 

1.65 

0 85 

1.75 

1 71 

24.50 

28 02 

13.92 

15 

16 1 

Ammonium sulfate. . . | 

2 7 
1.2 

1.95 

1.15 

1.54 

1.51 

1.53 

41.58 

18.12 

29.85 

15.75 

17 

18 

Dried blood | 

2.0 

1.8 

1.90 

1.10 

1.59 

1 34 

1.47 

31.80 

24.12 

27.96 

13 86 

19 

20 

Cottonseed meal | 

0.4 

1.3 

0.85 

0.05 

1.85 

1 14 

1 50 

7 40 
14.82 

11.11 

-2.99 


Unlimed 


Sassafras loam 


21 

22 

Check., 1 

2 4 
2.0 

2.20 


1.41 

1.74 

1.58 

33.84 

34.80 

34.32 


23 

24 

Ammonium phos- f 
phate \ 

2.9 

1.9 

2 40 

-0 20 

1.88 

1.69 

1.79 

54.52 

32.11 

43.32 

9.00 

25 

26 

Ammonium sulfate. . . | 

1.2 

2.5 

1.85 

-0.35 

2.00 

1.55 

1.78 

24.00 

38.75 

31.38 

-2 94 

27 

28 

Dried blood | 

1.0 

2.1 

1 55 

-0.65 

2.36 

1.67 

2.12 

23.60 

35.07 

29.34 

-4.98 

29 

30 

Cottonseed meal | 

2.0 

1.9 

1.95 

-0.25 

1.73 

1.91 

1.82 

34.60 

36.29 

35.45 

1.13 
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TABLE 9-~(G>ntmuc(l) 


POT 

NO. 

TREATMENT 

1 

YIELD 

i 

1 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

NITRO- 

GEN 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 





Sassafras loam 






Limed 










31 

Check 

/ 

2.5 



1.89 


47r25 



32 

\ 

4.4 

3 45 


4.59 

1.74 

69.96 

58.61 


33 

Ammonium phos- 

f 

lost 








34 

phate 

\ 

3.1 

3.10 

-0.35 

1.73 

1.73 

53.63 

53.63 

-4.98 

35 

36 

Ammonium sulfate. . . 

/ 

\ 

lost 

4 0 

4 00 

0.55 

1.67 

1.67 

66.80 

66.80 

8.19 

37 

38 

Dried blood 

/ 

\ 

lost 

4.3 

4 30 

0.85 

1.53 

1.53 

65.79 

65.79 

7.18 

39 

40 

Cottonseed meal 

/ 

\ 

5.3 

3.0 


0.70 

1.73 

1.87 

1.80 i 

91 69 
56.10 

73.90 

15.29 


Norfolk sand 

Unlimed 


1 


irams 

grams 

grams 

per cent 

percent 

mgm. 

mgm. 

mgm. 

41 

Check 1 

0 0 



0 00 


0 00' 



42 

0.0 

0 00 


0.00 

0.00 

0.00 

0.00 


43 

Ammonium phos- f 

0 3 



2.58 


7.74 



44 

phate \ 

0 2 

0 25 

0.25 

2.62 

2.60 

5.24 

6.49 

6.49 

45 

46 

Ammonium sulfate. . . | 

0 2 
0.1 

0.15 

0.15 

2 62 
2.50 

2.56 

5 24 
2 50 

3.87 

3.87 

47 

48 

Dried blood | 

0.4 

0.6 

0 50 

0.50 

2.33 

1.68 

2.01 

9.32 

10.08 

9.70 

9.70 

49 

50 

Cottonseed meal | 

0.1 

0.9 

0.50 

0.50 

2 05 
2.11 

2.08 

2 05 
18.99 

10.52 

10.52 


Limed 


51 

52 

Check 1 

0.5 

0.0 

0 25 


2.41 

0.00 

2.41 

ii.osi 

0.00 

5.53 


53 

54 

Ammonium phos- / 
phate \ 

1.2 

1,7 

1.45 

1.20 

2.21 

1.75 

1.98 

26.52 

29.75 

28.14 

22.61 

55 

56 

Ammonium sulfate.. . | 

0.8 

0.2 

0.50 

0.25 

2.01 

1.91 

1.96 

16.08 

3.82 

9.95 

4.42 

57 

58 

Dried blood | 

1.6 

1.9 

1,75 

1.50 

1.98 

2.73 

2.36 

31.68 

51.87 

41.78 

36.25 

59 

60 

Cottonseed meal < 

^ 1 

0.0 

0.7 

0,35 

0.00 

0.10 

0.00 

2.01 

2.01 

0 00 
14.07 

7.04 

1.51 
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TABLE 9 — (Concluded) 


POT 
NO. 1 

! 

TREATMENT 

YIELD 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

NITRO- 

GEN 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

Unlimed 


Sassafras loam 






61 

62 

Check 1 

grams 

0.5 

2.0 

grams 

1.25 

grams 

per cent 

2.39 

1.77 

pt-r cent 

2.08 

mgm. 

11.95 

35.40 

mgm. 

23 68 

mgm. 

63 

64 

Ammonium phos- f 
phate [ 

2.0 

2.0 

2 00 

0 75 

1 90 

2 31 

2.11 

38.00 

46.20 

42.10 

18.42 

65 

66 

Ammonium sulfate. . . | 

2 5 

2 3 

2 40 

1 15 

2 36 

2 17 

2.27 

59 00 
49 91 

54 46 

30.78 

67 

68 

Dried blood | 

2.5 

lost 

2.50 

1.25 

2 05 

2.05 

51.25 

51 25 

27.57 

69 

70 

Cottonseed meal | 

2.6 

1.5 

2 05 

0.80 

1.89 

2.73 

2.31 

49 14 
40 95 

45.07 

21.39 


Limed 


71 

72 

Check { 

2.7 

5.5 

4 10 


2.13 

1.81 

1.97 

57.51 

99.55 

78.53 


73 

74 

Ammonium phos- f 
phate \ 

3.2 

5 0 

4 10 

0 00 

1.79 

1.75 

1.77 

57.28 

87.50 

72.39 

-6.14 

75 

76 

Ammonium sulfate . j 

2.6 

3.6 

3 10 

-1 00 

1.84 

1.57 

1.71 

47.84 

56.52 

52.18 

-26.15 

77 

78 

Dried blood | 

4.2 

3.6 

3 90 

-0 20 

1.70 

1.85 

1.78 

61.40 

66.60 

64.00 

-14.53 

79 

80 

( 

Cottonseed meal | 

5.3 

4.5 

4.90 

0 80 

1.76 

1 80 

1.78 

93.28 

81.00 

87.14 

8.61 


One peculiarity is brought out in the results, namely, the low crop yield in 
the unlimed ammonium sulfate pots as compared with ammonium phosphate, 
but the very much higher percentage of nitrogen in the crop. It is barely 
possible that under the existing acid conditions the nitrogen of ammonium 
sulfate is less efficient as far as increasing crop growth is concerned, but the 
writer does not wish to state this definitely. 

From the results as a whole one might say on first thought that ammonium 
phosphate would give better results if applied on light sandy soils while the 
reverse would be true for ammonium sulfate, but the data given do not 
prove this point. Undoubtedly the chemical and biological differences be- 
tween the two soils are much greater factors than the mere textural differences. 
Other sandy or loam soils would probably give entirely different results. 

As has been previously shown by various investigators dried blood and 
cottonseed meal rank much lower in availability than' ammonium sulfate. In 
both soils used in this experiment dried blood showed a tendency to produce 
larger yields than cottonseed meal. The residual effect which is often claimed 
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TABLE 10 


Comparative availability of various nitrogenous fertilizers in soil under greenhouse conditions 

Summary — First three crops 






INCREASE 

TOTAL 

NTTROOEN 

RECOV- 

ERED 


INCREASE 

PER CENT 

POT NO. 

TREATMENT 

YIELD 

AVERAGE 

OVER 

CHECK 

AVERAGE 

OVER 

CHECK 

RECOV- 

ERED 


Unlimed 


Norfolk sand (167 mgm. of nitrogen added) 




1 

grams 

1 grams 

grams 

mgm. 

mgm. 

mgm. 


1 

2 

Check I 

6 49 
5.81 

6 

15 


111.34 

102.60 

106.97 



3 

Ammonium phos- f 

17.91 




216.02 




4 

phate \ 

19,58 

18 

75 

12.60 

220.04 

218.03 

111.06 

66.50 

5 

6 

Ammonium sulfate. . | 

18 14 
16 76 

17 

45 

11.30 

202.86 

199.52 

201.19 

94.22 

56.41 

7 

8 

Dried blood ... | 

13 99 
13.12 

13 

56 

7 41 

181.16 

202.17 

191.67 

84.70 

50.72 

9 

10 

Cottonseed meal. . | 

13 37 
13 56 

13 

47 

7.32 

179.05 

177.70 

178.38 

71.41 

42.76 


Limed 


11 

12 

Check 1 

13 52 
13.31 

13 42 


188.97 

172.02 

180.50 



13 

14 

Ammonium phos- f 
phate \ 

30 11 
26 03 

28.07 

14.65 

290.94 

284.80 

287.87 

107.37 

64.29 

15 

16 

Ammonium sulfate.. | 

24 47 
26 01 

25 24 

11 82 

272 28 
260.54 

266.41 

85.91 

51.44 

17 

18 

Dried blood . | 

24.34 
24 21 

24 28 

10 86 

266 38 
259.18 

262.78 

82 28 

49.27 

19 

20 

Cottonseed meal. | 

19.48 
18 97 

19 23 

5 81 

226 00 
221.44 

223 72 

43 22 

25.88 


Unlimed 


Sassafras loam (167 mgm. of nitrogen added) 


21 1 
22 

Check 1 

29.50 
29.81 . 

29 66 


381.16 
399 56 

390.36 



23 

24 

Ammonium phos- f 
phate \ 

31 58 
38 86 

35.22 

5.56 

494.08 

459.21 

476.65 

86.29 

51.57 

25 

26 

Ammonium sulfate. . | 

28.96 

31.68 

30.32 

0 66 

458.71 

506.65 

482.68 

92.32 

55.28 

27 

28 

Dried blood | 

32.13 

37.94 

35.04 

5.38 

418.20 

501.59 

469.90 

79.54 

47.63 

29 

30 

Cottonseed meal. . . . | 

34.50 

33.39 

33.95 

4.29 

474.24 

439,29 

456.74 

66.38 

39.75 
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TABLE lO--(Contiiiued) 






INCREASE 

TOTAL 

NTTROOEN 

RECOV- 

ERED 


INCREASEi 

PER CENT 

POT NO. 

TREATICENI 

YIELD 

AVERAGE 

OVER 

CHECK 

AVERAGE 

OVER 

CHECK 

RECOV- 

ERED 


Sassafras loam (167 mgm. of nitrogen added) 

Limed 


31 

32 

Check 1 

grams 

42 38 
39 42 

grams 

40 90 

grams 

mgm. 

470.00 

481.42 

mtm. 

475 71 

mgm. 


33 

34 

Ammonium phos- f 
phate 1 

lost 

42 17 

42 17 

1 

27 

596 06 

596.06 

120.35 

72.06 

35 

36 

Ammonium sulfate. . . | 

lost 

43 06 

43 06 

2 

16 

584 11 

584 11 

109.00 

65.27 

37 

38 

Dried blood | 

lost 

44.47 

44 47 

3 

57 

564 03 

564 03 

88 32 

52 89 

39 

40 

Cottonseed meal. . . | 

37.37 
42.54 1 

39 96 1 

-0 

94 

488.14 
512 77 

500 46 

24 75 

14.82 


Norfolk sand (334 mgm. of nitrogen added) 

Unlimed 


41 

42 

Check. . 

{ 

8.73 

7 13 

7 93 

1 

128 88| 
124 111 

126 50 



43 

44 

Ammonium phos- 
phate.. 

{ 

38 74 
38 06 

38 40 

30 47 

348 44i 
338 34 

343 39 

216 89 

64 87 

45 

46 

Ammonium sulfate. 


35 05 
37 82 

36 44 

28 51 

332 59 
343 26 

337 93 

209.44 

62.71 

47 

48 

Dried blood... 

{ 

27 41 
29 67 

28 54 

20 61 

284 22 
293 42 

288 82 

162 32 

48.60 

49 

50 

Cottonseed meal. 

{ 

24 26 
24 60 

24 43 

16 50 

264 80 
280 54 

1 

272 67 

1 

146 17 

1 

43.76 

Limed 

51 

52 

1 

Check 

{ 

11 48 

12 40 

11 99 


173.65 
j 158 41 

166.03 



53 

54 

Ammonium phos- 
phate 

{ 

38 12 
38 07 

38 10 

26 11 

401.80 

397.49 

399 65 

233 62 

69 94 

55 

56 

Ammonium sulphate 

( 

36.28 
37 43 

36 86 

24.87 

373 76 
377 40 

375 58 

209 55 

62 73 

57 

58 

Dried blood 

{ 

27.12 

35,77 

31 45 

19 46 

320.13 

302.61 

311 37 

145 34 

43.51 

59 

60 

Cottonseed meal. . . 

/ 

1 

27.35 
23 33 

25 34 

13.35 

300.94 
286 32 

296.63 

127.60 

38.20 
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TABLE 10— (Concluded) 






INCREASE 

TOTAL 

NITROGEN 

RECOV- 

ERED 


INCREASE 

PER CENT 

POT NO. 

TREATMENT 

\1ELD 

AVERAGE 

OVER 

AVERAGE 

OVER 

RECOV- 





CHECK 


CHECK 

ERED 


Sassafras loam (334 mgm. of nitrogen added) 

Unlimed 




grams 

grams 

grams 

mgm. 

mgm. 

mgm. 


61 

Check 1 

25.33 



376.95 




62 

23.35 

24 34 


432.28 

404.62 



63 

Ammonium phos- f 

41 72 



611.35 




64 

phate \ 

41 72 

41.72 

17.38 

621.84 

616.60 

211.98 

63.46 

65 

66 

Ammonium sulfate. . | 

27.64 

28.74 

28.19 

3.85 

670.80 

699.97 

685.39 

280.77 

84.06 

67 

68 

Dried blood | 

34 68 
lost 

34.68 

10.34 

622.17 

622.17 

217.55 

65.13 

69 

70 

Cottonseed meal. . . . | 

32.62 

34.68 

33.65 

9.31 

534.82 

566.81 

550.82 

146.20 

43.77 


Limed 


71 

72 

Check 1 

35.71 

48.07 

41.89 


546.37 

708.52 




73 

74 

Ammonium phos- f 
phate 1 

50.49 

49.15 

49.82 

7.93 

686.62 

687.20 

686.91 

59.46 

17.80 

75 

76 

Ammonium sulfate. . . | 

50.83 

52.53 

51.68 

9.79 

707.09 

683.82 

695.46 

68.01 

20.36 

77 

78 

Dried blood | 

43.61 

48.15 

45.88 

3 99 

616.58 

651.42 

634.00 

6.55 

1.96 

79 

80 

Cottonseed meal | 

44.87 

46.86 

45.87 

3.98 

615.08 

643.84 

629.46 

2.01 

0.60 


for the organic fertilizers did not seem to be very marked under greenhouse 
conditions. The third crop in many cases is just as large in the ammonium 
phosphate or ammonium sulfate pots as in the others. 

After removing the three crops, the yields and analyses of which were given 
in previous tables, the fertilizer applications used at the begiiming of the 
experiment were repeated except that no lime was added. The soils were 
removed from the pots and the fertilizers mixed with the entire 20 pounds of 
soil. The, yields of the buckwheat and analyses are given in table 41. A 
residual crop of buckwheat was also grown and the data reported in table 12. 
Where the crop yield was less than one gram the sample was not analyzed 
but the proportion of nitrogen was assumed to be 1.7 per cent. The slight 
error introduced is practically negligible. The buckwheat plants in a few 
more pots were destroyed by ^‘damping-off ” fungi and the yields are not given. 
The residua) crop of buckwheat was so small that it was not considered worth 
while to plaiit another crop without additional fertilizer, as was done in the 
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TABLE 11 

Comparative availability of various nitrogenous fertilizers in soil under greenhouse conditions 

Fourth crop {buckwheat) 


POT 

NO. 

TREATIIXNT 

YIELD 

AV13t> 

ACE 

IN- 

CREASE 

OVER 

CHECK 

NITRO- 

GEN 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

in- 

crease 

OVER 

check 

Norfolk sand (167 mgm 

Unlimed 

. of nitrogen added) 




1 

2 

Check 1 

grams 

3.5 

1.5 

grams 

2.50 

grams 

per cent 

1.41 

1.56 

percent 

1.48 

mgm. 

49.35 

23.40 

mgm. 

36.31 

mgm. 

3 

4 

Ammonium phosphate . . | 

16.2 

15.7 

15.95 

13.45 

1 05 
0.98 

1.01 

170.10 

153.86 

161.98 

125.61 

5 

6 

Ammonium sulfate. . . | 

13 7 
15.4 

14 55 

12.05 

1.14 

1 36 

1 25 

156 18 
209.44 

182 81 

146.44 

7 

8 

Dried blood. . . . | 

9.0 

8 4 

8 70 

*6 20 

1.29 

1 21 

1 25 

116 10 
101 64 

108.87 

72.50 

9 

10 

1 

Cottonsed meal. . . . | 

10.5 
10 5 

10 50 

8 00 

1.09 

0 92 

1.00 

114.45 
96 60 

105.52 

69.15 


Limed 


11 

12 

Check 1 

5 0 

4 6 

4.80 


1.35 

1.24 

1.29 

67.50 

57.04 

62 27 

• 

13 

14 

Ammonium phosphate. | 

18.1 
16 7 

7 40 

12.60 

1 02 
1.13 1 

1.07 

184 62 
188.71 

186.66 

124.39 

15 

16 

Ammonium sulfate. • • | 

16 0 
16 7 

16 35 

11.55 

1.07 

1.07 

1.07 

171 20 
178.69 

174.94 

112.67 

17 

18 

Dried blood | 

11.7 

13.9 

12 80 

8.00 

1.04 

1.07 

1 05 

121.68 

148.73 

135.20 

72.93 

19 

20 

Cottonseed meal | 

13.7 
11 2 

12 45 

7 65 

0 99 

1 15 

1.07 

135 63 
128.80 

132.21 

69.94 


Unlimed 


Sassafras loam (167 mgm. of nitrogen added) 


21 

22 

Check 

{ 

1.1 

1,2 

1.15 


2.26 

2 05 

2.15 

24.86 

24.60 

24.73 

23 

24 

Ammonium phosphate. 

{ 

5.4 

4.0 

4.70 

3.55 

2.23 

2.35 

2 29 

120 42 
94.00 

107.21 

25 

26 

Ammonium sulfate — 

! 

1 

4 1 
2.2 

3 15 

2 00 

2.60 

2.52 

2 56 

106 60 
55.44 

81.02 

27 

28 

Dried blood 

{ 

2 6 
4.6 

3,60 

2.55 

2.69 

2.33 

2 51 

69.94 
107 18 

88.56 

29 

30 

Cottonseed meal 

{ 

3.2 

3.0 

3.10 

1.95 

2.29 

2.41 

2 35 

73 28 
72.30 

72 79 
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TABLE ll-~(Contmued) 


POT 

NO, 

TREATMENT 

YIELD 

AVER- 

AGE 

IN- 

CREASE 

OVER 

CHECK 

NITRO- 

GEN 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

IN- 

CREASE 

OVER 

CHECK 

Sassafras loam (167 mgm. of nitrogen added) 

Limed 



grams 

grams 

grams 

percent 

percent 

mgm. 

mgm . 

mgm. 

31 

32 

Check 1 

8.0 

8.7 

8.35 


1.20 

1.12 

1.16 

96.00 

97.44 

96.72 


33 

34 

Ammonium phosphate . | 

lost 

lost 

lost 







35 

36 

Ammonium sulfate | 

lost 

18.0 

18.00 

9.65 

1.24 

1.24 

223.20 

223.20 

126.48 

37 

38 

Dried blood | 

lost 

13.7 

13.70 

5.35 

1.26 

1.26 

172.62 

172.62 

75.90 

39 

40 

Cottonseed meal | 

15 2 

16 5 

15.85 

7.50 

1.21 

1.15 

1.18 

183.92 

189.75 

186.83 

90.11 


Unlimed 


Norfolk sand (334 mgm. of nitrogen added) 


41 

42 

Check 1 

0 8 
0.0 

0 40 


1.79 

0.00 

1.79 

14.32 

0.00 

7.16 


43 

44 

Ammonium phosphate. | 

23 1 
22.7 

22.90 

22 50 

1.15 

1.20 

1.17 

265 65 
272.40 

269.02 

262.86 

45 

46 

Ammonium sulfate | 

14.2 
15 2 

14.70 

14.30 

1.84 

1.67 

1.75 

261.28 

253.84 

257.56 

250.40 

47 

48 

Dried blood | 

11.8 

12.9 

12.36 

11.95 

1.32 

1.31 

1.31 

155.76 

168.99 

162.37 

155.21 

49 

50 

Cottonseed meal < 

16 8 
14.8 

15.80 

15.40j 

1.19 

1.31 

1.25 

199.92 

193.88 

196.90 

189.74 


Limed 


51 

52 

Check 1 

3.3 

4.6 

3.90 


1.31 

1.37 

1.34 

43.23 

61.65 

52.44 


53 

54 

Ammonium phosphate. | 

29.5 
lost ' 

29.50 

25.60 

1.13 

1.13 

333.35 

333.35 

280.91 

55 

56 

Ammonium sulfate.. 

24 0 
25.3 

24 65 

20.75 

1.21 

1.15 

1 18 

290 40 
290.95 

290.67 

238.23 

57 

58 

Dried blood | 

17.6 

20.2 

18.90 

15.00 

1 36 
1.26 

1.31 

239.36 

254.52 

246.94 

194.50 

59 

60 

Cottonseed meal | 

19 6 
22 0 

20.80 

16.90 

1.20 

1.12 

1.16 

235.20 

246.40 

240.80 

188.36 
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TABLE ll-~(Concluded) 


POT 

MO. 

TREATMENT 

YIELD 

AVER- 

AGE 

IN- 

CREASE 

OVER 

NITRO- 
» GEN 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

IN- 

CREASE 

OVER 





CHECK 




CHECK 


Unlimed 


Sassafras loam (334 mgm. of nitrogen added) 




grams 

grams 

grams 

percent 

per cent 

mgm. 

mgm. 

mgm. 

61 

62 

Check 1 

2 1 
0.6 

1 35 


1.91 

2 01 

1.96 

40 11 
12 06 

26 08 


63 

64 

Ammonium phosphate. . | 

6.0 

5.6 

5 80 

4 45 

2.39 

2.62 

2.50 

143 40 
146.72 

145 06 

118 98 

65 

66 

Ammonium sulfate | 

4.2 

5.2 

4.70 

3 35 

2.55 

2.74 

2 64 

107.10 

142.48 

124 79 

98 71 

67 

68 

Dried blood | 

2 4 
2.9 

2 65 

1.30 

2.56 

3 29 

2.92 

61.44 

95.41 

78 4a 

52 34 

69 

70 

Cottonseed meal. . . | 

5 5 

5 6 

5 55 

4 20 

2.51 

2 41 

2 46 

138.05 

134.96 

136.50 

110.42 


limed 


71 

72 

Check.. . . 1 

7.5 

9 2 

8 

35 


1.24 

1 35 

1 29 

93.00 

124.20 

108 60 


73 

74 

Ammonium phosphate. | 

los,t 

23 5 

23 

50 

15.15 

1.27 

1.27 

298.45 

298.45 

189.85 

75 

76 

Ammonium sulfate. . | 

26 6 
31 0 

28 

so 

20 45 

1.26 

1.08 

1.17 

335.16 
334 80 

334.98 

226 38 

77 

78 

Dried blood | 

23 0 
22.4 

22 

70 

14 35 

1.35 

1 27 

1.31 

310.50 

284.48 

297.49 

188.89 

79 

80 

Cottonseed meal. . . . | 

20.6 
23 9 

22 

25 

13 90 

1 08 

1 22 

1.15 

222.48 

291.58 

257 03 

1 

148.43 


first portion of this experiment. The summarized results for the two crops 
are given in table 13. . 

In the following discussion of the results obtained subsequent to the second 
application of fertilizers to the soil it should be borne in mind that the recovery 
of nitrogen is probably influenced to some extent, at least, by the previous 
application of fertilizers. Just to what extent this factor enters in cannot be 
stated but it is certainly true that in most cases the recoveries of nitrogen during 
the second stage of the experiment were greater than for the original applica- 
tion. This is in agreement with the work of Lipman and Blair (22) who 
found that in cylinder experiments the average recoveries of nitrogen from 
all series for three rotations, covering a period of 15 years, were 34.94, 35.35 
and 38.30 per cent, respectively, for the first, second and third rotations. 
The writer is not inclined to attribute this to the residual effect of the fertilizers 
since in many cases the last crop on the treated pots v/as little larger than on the 
checks, indicating that there is little benefit from any residual nitrogen that 
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TABLE 12 

Cmparaiive availabUtiy of various nitrogenous fertilizers in soil under greenhouse conditions 

Fifth crop (buckwheat) 


POT 

KO. 

TREATMEKT 

YIEIJ) 

AVER- 

AGE 

IN- 

CREASE 

OVER 

CHECK 

MITRO- 

GE»i 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

Unlimed 


Norfolk sand 






1 

2 

Check { 

grams 

0.1 

1.0 

framt 

0.55 

grams 

percent 

1.70 

1.67 

percent 

1.68 

mgm. 

1.70 

16.70 

mgm, 

9.20 

mgm. 

i 

4 

Ammonium phosphate | 

0.5 

0.4 

0.45 

- 0.10 

1.70 

1.70 

1.70 

8.50 

6.80 

7.65 

- 1.55 

5 

6 

Ammonium sulfate. . . | 

0.1 

0.1 

0.10 

-0 45 

1.70 

1.70 

1.70 

1.70 

1.70 

1.70 

- 7.50 

7 

8 

Dried blood | 

1.0 

0.4 

0.70 

0.15 

1.78 

1.70 

1.74 

17.00 

6.80 

11.90 

2.70 

9 

10 

Cottonseed meal | 

0.5 

0.5 

0.50 

- 0.05 

1.70 

1.70 

1.70 

8.50 

8.50 

8.50 

-!■ 0.65 

Limed 

11 

12 

1 f 

Check 1 

0,0 

0.0 

0.0 




I 

! 


13 

14 

Ammonium phosphate | 

0.5 

0 5 

0.50 

0 50 

1.70 

1.70 

1 70 

8.50 

8.50 

8.50 

8.50 

15 

16 

Ammonium sulfate. . . | 

0 2 

0 0 

0 10 

0.10 

1.70 

1 70 

3.40 

1.70 

1.70 

17 

18 

Dried blood | 

0.3 

0.5 

0.40 

0 40 

1.70 

1.70 

1.70 

5.10 
8 50 

6.80 

6.80 

19 

20 

Cottonseed meal | 

0.3 

0.5 

0.40 

0.40 

1.70 

1 70 

1.70 

5.10 
8 50 

6.80 

6.80 


Sassafras loam 

Unlimed 


21 

22 

Check 1 

2 . 9 , 

2.7 

2.80 


1.68 

1.74 


m 



23 

24 

Ammonium phosphate | 

6.1 

3.5 

4 80 

2 00 

1.76 

2.11 

1.93 

107.36 

78.85 

90.60 

42.75 

25 

26 

Ammonium sulfate.. . . | 

2.5 

4 5 

3.50 

0.70 

2.32 

2.46 

2.39 

58.00 

110.70 

84.35 

36.50 
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TABLE 12-“(Coiitirued) 


POT 

NO. 


TREATMENT 


YIELD 

AVER- 

AOE 

IN- 

CREASE 

OVER 

CHECK 

NITRO- 

GEN 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 


INCREASE 

OVER 

CHECK 


Limed 


Sassafras loam 


31 

32 

Check 1 

grams 

1,9 

1 7 

grams 

1 80 

33 

34 

Ammonium phosphate | 

lost 

lost 


35 

36 

Ammonium sulfate. . | 

lost 

2 2 

2 20 

37 

38 

Dried blood . ( 

'• 

lost 

3 4 

3 40 

39 

40 

Cottonseed meal. . . | 

3 3 

2 6 

2 95 


grams 

per cent 

per cent 

mgm 

mgm. 

mgm. 


1 75 


33 25 




1.60 

1 67 

27.20 

30 22 


0 40 

1 44 

1 44 

31 68 

31 68 

1 46 

1 60 

1 42 

1 42 

48 28 

48 28 

18.06 


1.24 


40 92 



1 15 

1 55 

1 39 

40 30 

40 61. 

10 39 


Norfolk sind 

Unlimed 


41 

42 

Check . 1 

1 2 

2 2 

1 70 


1 80 

1 81 

1 

80 

21 60 
39 82 

30 71 


43 

44 

Ammonium phosphate | 

0 6 

0 8 

0 70 

-1 00 

1 70 

1 70 

1 

70 

10 20 
13 60 

11 90 

~18 81 

45 

46 

Ammonium sulfate. | 

0 2 

0 0 

0 10 

-1 60 

1 70 
1.70 

1 

70 

3 40 
0 00 

3.40 

-27 31 

47 

48 

Dried blood . | 

0 2 

0 6 

0 40 

-1 30 

1 70 

1 70 

1 

70 

3 40 
10.20 

6 80 

-23 91 

49 

50 

Cottonseed meal | 

0 4 
0.5 

0.45 

-1 25 

1 70 
1.70 

1 

70 

6 80 
8 50 

7 65 

-23.06 


Limed 


51 

52 

Check 1 

0 0 

0 0 

0.00 

0.00 







53 

54 

Ammonium phosphate | 

1.5 

lost 

1.50 

1 50 

1.78 

1.78 

26.70 

26 70 

26 70 

55 

56 

Ammonium sulfate. . . | 

0.4 

0.3 

0,35 

0 35 

1.70 

1.70 

1.70 

6.80 

5.10 

5 95 

5.95 

57 

58 

Dried blood | 

0.6 

0 5 

0.55 

0.55 

1.70 

1.70 

1.70 

10 20 
8.50 

} 

9.35 

9.35 

59 

60 

Cottonseed meal | 

0.2 

0.1 

0.15 

0.15 

1.70 

1.70 

1.70 

3.40 

1.70 

2.55 

2.55 
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TABLE 12— (Concluded) 


POT 

NO. 

TREATMENT 

YIELD 

AVER- 

AGE 

IN- 

i CREASE 
i OVER 
CHECK 

NTTRO- 

OEM 

AVER- 

AGE 

1 

TOTAL 

NITRO- 

OEN 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

Unlimed 

Sassafras loam 






51 

52 

Check 1 

grams 

1.0 

2 4 

grams 

1 70 

grams 

per cent 

1.86 

1.86 

per cent 

1 86 

mgm. 

18.60 

44.64 

mgm. 

31.62 

mgm. 

63 

64 

Ammonium phosphate | 

6.9 

4.9 

5 90 

4 20 

2.44 

2.38 

2 41 

168.36 
116 62 

142 49 

no 87 

65 

66 

Ammonium sulfate. . . | 

6 5 
3.5 

5 00 i 

3 30 

2 38 

2 52 

2 45 

154.70 

88.20 

121 45 

89.83 

67 

68 

Dried blood . . . | 

4 5 

4 9 

4 70 1 

3 00 

2 25 

3 06 

2 65 

101 25 
149.94 

125 59 

93 97 

69 

70 

Cottonseed meal. . . . | 

5 4 
4.0 

4 70 

3 00 

1 54 

2 56 

2 05 

83.16 

102.40 

92 78 

61 16 


Limed 


71 

72 

Check 1 

2.7 

2 5 

2 60 


1 23 

1 33 

1 28 

33 21 
33 25 

33 23 


73 

74 

Ammonium phosphate | 

lost 

3 0 

3 00 

0 40 

1 66 

1.66 

49.80 

49.80 

16.57 

75 

76 

Ammonium sulfate. • • • | 

3 4 

3 0 

3 20 

0 60 

1.39 

1 73 

1 56 

47.26 

51.90 

49.58 

16 35 

77 

78 

Dried blood | 

3 9 

3 9 

3.90 

1 30 

1.21 

1 44 

1.32 

47 19 
56 16 

51 67 

18 44 

79 

80 

Cottonseed meal | 

3.6 

3 0 

3.30 

0.70 

1.55 

1.61 

1.58 

55.80 

48.30 

52 05 

18 82 


may be present. A better explanation for the higher recoveries of nitrogen 
for the second application of fertilizers lies in the depletion of available plant- 
food. A soil which has plenty of available nitrogen or at least a fairly large 
amount will not give high recoveries of nitrogen because the crops can get 
what they need from the soil organic matter. On the other hand, a crop 
grown on a poor soil wiU utilize the nitrogen applied very readily because 
there is no other sufficient supply available. 

The summarized results in table 13 for the unlimed Norfolk sand with the 
lower rate of application show a lower availability for ammonium phosphate 
than ammonium sulfate, judging from the recovery of nitrogen. This is 
contrary to the results obtained for the first application of fertilizer. How- 
ever, the crop yields are higher for ammonium phosphate, again illustrating 
the point previously brought out that frequently ammonium sulfate produces a 
smaller crop but with a higher per cent of nitrogen than does ammonium 
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TABLE 13 


Comparative availahtLUy of various nitrogenous fertilizers in soil under greenhouse conditions. 
Summary — Fourth and fifth crops 






INCREASE 

TOTAL 

NITROGEN 


INCREASE 

PER CENT 

POT NO. 

TRFJlTlfENT 

YIELD 

AVERAGE 

OVER 

AVERAGE 

OVER 

RECOV- 





CHECK 

RECOV- 

ERED 

CHECK 

ERED 


Norfolk sand (167 mgm. of nitrogen added) 

Unlimed 


1 

2 

Check 1 

grams 

3.6 

2.5 

grams 

3.05 

grams 

mgm. 

51.05 

40^19 

mgm. 

45.57 

mgm. 


3 

4 

Ammonium phos- f 
phate \ 

16.7 

16.1 

16 40 

13.35 

178 60 
160 66 

169.63 

124 06 

74 28 

5 

6 

Ammonium sulfate. . . j 

13.8 
15 5 

14.65 

11 60 

157 88 
211.14 

184.51 

138 94 

83.19 

7 

S 

Dried blood | 

10 0 
8.8 

9 40 

6 35 

133.10 
108 44 

120 77 

75 20 

45.03 

9 

10 

Cottonseed meal | 

11 0 
11 0 

11.0 

7.95 

122 95 
105.10 

114 02 

68 45 

40 99 


Limed 


11 

12 

Check 1 

5 0 

4 6 

4.80 


67.50 
57 04 

62 27 



13 

14 

Ammonium phos- ( 
phate \ 

18 6 
17,2 

17.90 

13.10 

193 12 
197.21 

195 16 

132 89 

79.57 

15 

16 

Ammonium sulfate. . . | 

16.2 
16 7 

16 45 

11 65 

174.60 
178 69 

176.64 

114.37 

68.48 

17 

18 

Dried blood | 

12.0 

14.4 

13 20 

8 40 

126.78 

157.23 

141.50 

79.23 

47.44 

19 

20 

Cottonseed meal | 

14 0 
11.7 j 

12.85 

8 05 

140 73 
137.30 

138.51 

76 24 

45 65 


Sassafras loam (167 mgm. of nitrogen added) 

Unlimed 


21 

22 

Check 

/ 

\ 

4 0 
3.9 

3.95 


73.58 

71.58 

72.58 



23 

24 

Ammonium phos- 
phate 

{ 

11.5 

7.5 


5.55 

227.78 

167.85 

197.81 

125.23 

75.00 

25 

26 

Ammonium sulfate. . . 

{ 

6.6 

6.7 

6 65 

2.70 

164.60 

166.14 

165.37 

92.79 

55.56 

27 

28 

Dried blood 

/ 

1 

5.8 

6.4 


2.15 

m 

135.78 

63.20 

37.84 

29 

30 

Cottonseed meal 

{ 

6.5 

7.4 

6.95 

3.00 

141.26 

148.86 

145.06 

72.48 

43.40 
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TABLE 13'~*(Continu6d) 


POT NO. 

TREATMENT 

YIELD 

AVERAGE 

INCREASE 

OVER 

CHECK 

TOTAL 

NITROGEN 

RECOV- 

ERED 

AVERAGE 

INCREASE 

OVER 

CHECK 

PER CENT 

recov- 

ered 

Limed 

31 

32 

Check 1 

grams 

9.9 

•10.4 

grams 

10.15 

grams 

mgm, 

129.25 
124 64 

mgm. 

126.94 

mgm. 


33 

34 

Ammonium phos- f 
phate \ 

lost 







35 

36 

Ammonium sulfate. . . | 

20.2 

20 20 

10.05 

254.88 

254.88 

127.94 

76.61 

37 

38 

Dried blood. | 

17.1 

17.10 

6 95 

220.90 

220 90 

93.96 

56.23 

39 

40 

Cottonseed meal | 

18 5 
19.1 

18.80 

8 65 

224 84 
230 05 

227.44 

100 50 

60.18 

Norfolk sand (334 mgm. of nitrogen added) 

Unlimed 

41 

42 

Check 1 

2 0 

2 2 

2 10 


35 92 
39.82 

37.87 



43 

44 

Ammonium phos- f 
phate \ 

23 7 
23.5 

23 60 

21.50 

275 85 
286 00 

280.92 

243 05 

72.77 

45 

46 

Ammonium sulfate. . . | 

14 4 

15 2 

14.80 

12.70 

264 68 
253.84 

259 26 

221.29 

66 25 

47 

48 

Dried blood | 

12 0 
13 5 

12.75 

10 65 

159.16 

175.79 

167.47 

129.60 

38.80 

49' 

50 

Cottonseed meal | 

17 2 
15 3 

16 25 

14.15 

206 72 
202.38 

204.55 

166 68 

49.90 

Limed 

51 

52 

Check 1 

3.3 

4.5 

3 90 


43.23 

61.65 

52.44 



53 

54 

Ammonium phos- f 
phate \ 

31.0 

lost 

31 00 

27.10 

360.05 

360.05 

307.61 

92.09 

55 

56 

Ammonium sulfate. . | 

24 4 
25.6 

25.00 

21 10 

297.20 

296.05 

296.62 

244.18 

73.11 

57 

58 

Dried blood | 

18.2 

20.7 

19.45 

15.55 

249 56 
263.02 

256.29 

203.85 

61.03 

59 

60 

Cottonseed meal | 

19.8 

22.1 

20.95 

17.05 

238.60 

248.10 

243.35 

190.91 

57.16 
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TABLE 13— (Concluded) 






INCREASE 

TOTAL 

NITROGEN 

RECOV- 

ERED 


INCREASE 

PER CENT 

POT NO. 

TREATMENT 

YIELD 

AVERAGE 

OVER 

CHECK 

AVERAGE 

OVER 

CHECK 

RECOV- 

ERED 


Sassafras loam (334 mgm. of nitrogen added) 

Unlimed 


61 

62 

Check 1 

grams 

3 1 

3 0 

grams 

3 05 

grams 

mim. 

58.71 
56 70 

mgm. 

57 70 

mgm. 


63 

64 

Ammonium phos- f 
phate \ 

12 9 
10 5 

11 70 

8 65 

311.76 

26.3.34 

287 55 

229 85 

68.81 

65 

66 

Ammonium sulfate. . . | 

10 7 
8.9 

9.70 

6 65 

261.80 
230 68 

246 24 

188.54 

56.45 

67 

68 

Dried blood | 

6 9 
7.8 

7.35 

4 30 

163 69 
245 35 

204 02 

146.32 

.i3.81 

69 

70 

Cottonseed meal | 

10 9 
96| 

10 25 

7 20 

221.21 

237.36 

229 28 

171 58 

51 37 


Limed 


71 

72 

Check 1 

10 2 
11 7 

10 95 


126 21 
157 47; 

141 84 



73 

74 

Ammonium phos- f 
phate 1 

lost 
26 5 

26 50 

15 55 

348 25 

348 25 

206 41 

61.80 

75 

76 

Ammonium sulfate. . . | 

30 1 
34 0 

32.05 

21 10 

382 42 
386 70 

384 56 

242 72 

72.67 

77 

78 

Dried blood | 

26 9 
26 3 

26 60 

15.65 

357 69 
340 64 

349 16 

207.32 

62.07 

79 

80 

Cottonseed meal, • • • | 

24 2 
26.9 

25.55 

14 60 

278 28 
339.88 

309.08 

167.24 

50.07 


phosphate. Dried blood and cottonseed meal were decidedly lower in avail- 
ability than either of the ammonium fertilizers. 

At the higher rate of application of nitrogen in the absence of lime, am- * 
mcnium phosphate gave nearly double the crop yield that ammonium sul- 
fate did, but cnly about 6,5 per cent higher recovery of nitrogen. The high 
per cent c f nitrogen in the crop from the ammonium sulfate pots nearly bal- 
anced the smaller crop 3 neld. Cottonseed meal gave somewhat better results 
than dried blood, but both these organic fertilizers were decidedly lower in 
availability than the chemical fertilizers. 

Where lime was applied to the Norfolk sand the crop yield and also the total 
recovery c f nitrogen were always higher with ammonium phosphate than with 
ammonium sulfate. In this case the percentages of nitrogen in the crops 
grown fnm the two fertilizers were practically the same, contrary to the 
results cn the unlimed soils. As shown in a later table ammonium sulfate 
increases the acidity of the soil to a slightly greater extent than does ammonium 



42 


F. E. ALLISON 


phosphate. This may partially explain the results, but doubtless the differ- 
ences noted may be attributed largely to the action of the sulfate and phos- 
phate radicals. 

The results from the unlimed Sassafras loam with both rates of application 
are consistent in the sense that the same relative results were obtained with 
both the high and the low rates of application. In the percentage recovery 
of nitrogen, ammonium phosphate was first, ammonium sulfate second, cotton- 
seed meal third and dried blood fourth. With one exception the increase in 
crop yields over the checks was in the same order. With the higher rate of 
application cottonseed meal gave a slightly larger 3deld than ammonium 
sulfate but the difference is so slight that it may be neglected. 

So many results were lost at the lower rate of application in the case of the 
limed Sassafras loam that very little can be said about it. Doubtless the 
yields would have been comparable with those obtained where the larger 
amounts of nitrogen were used. As usual, dried blood and cottonseed meal 
were not as efficient as ammonium sulfate but the difference was not as great 
here as in the previous results discussed. Both ammonium phosphate results 
were lost, one through the mistake in the application of the fertilizer and the 
other as a result of the ^‘damping off^’ fungi. With the higher rate of applica- 
tion ammonium sulfate gave a larger crop yield and a higher recovery of 
nitrogen than ammonium phosphate. Dried blood showed unexpectedly 
good results, giving the same yield as ammonium phosphate and practically 
the same recovery of nitrogen. Cottonseed meal was somewhat less avail- 
able than either of the other fertilizers used. 

After the removal of the fifth crop from the pots the original fertilizer 
applications were repeated except that no lime was added. Corn was planted 
and harvested when about 18 inches high. The dry weights and percentages 
of nitrogen in the crop are given in table 14. 

On the Norfolk sand, whether limed or unlimed, there was no great difference 
between the results from ammonium sulfate and from ammonium phosphate. 
Dried blood was Usually not quite as efficient as cottonseed meal but both 
were inferior to the two ammonium salts. 

On the Sassafras loam the two organic fertilizers gave larger yields than 
the chemical fertilizers on the unlimed soil, but were usually not as efficient 
in the presence of lime. Ammonium sulfate was somewhat more effective 
than ammonium phosphate, which is partially in contradiction to the previous 
crops. Possibly the residual effect, if there is one, together with the fact 
that a different kind of crop was grown, accounts for the difference. 

In table 15 a summary is given of the results for the six crops grown on the 
same soils. In calculating the relative increases in yield of dry matter and 
the relative recoveries of nitrogen, the results for the two different rates of 
application. are averaged. Ammonium phosphate is then given a value of 
100 and the other fertihzers figured on this basis. 

In figures 6 and 7 the relative increases in dry matter over the checks and 
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TABLE 14 

Comparative availability of various nitrogenous fertilizers in ml under greenhouse conditions. 

Sixth crop {corn) 


POT 

NO. 

TREATMENT 

YIELD 

AVER- 

AGE 

1 § s 

NITRO- 

GEN 

AVER- 

AGE 

TOTAL 

NITRO- 

GEN 

AVER- 

AGE 

IN- j 
CREASE 
OVER 

PER 

CENT 

RECOV- 









CUECK 

ERED 


Norfolk sand (167 mgm. of nitrogen added) 

Unlimed 




grams 

grams 

grams 

percent 

percent 

mgm. 

mgm. 

mgm. 


1 

2 

Check 1 

4.3 
4 2 

4 25 


1.13 

1.16 

1.15 

48 59 
48 72 

48 65 



3 

4 

Ammonium phosphate | 

9 0 
10 1 

9 55 

5 30 

1.22 

1.25 

1.24 

1.24 

109.80 

126.25 

118.02 

69 37 

41.54 

5 

6 

Ammonium sulfate. . . | 

9 0 
9.9 

9 45 

5 20 

1.43 

1.29 

1 36 

128.70 

127.71 

128 20 

79.55 

47.63 

7 

8 

Dried blood | 

6 5 
6 6 

6 55 

2 30 

1.39 
1 53 

1 46 

90 35 
100 98 

95 66 

47 01 

28 15 

9 

10 

Cottonseed meal. . | 

6 5 
8 5 

7 50 

3 25 

1 39 
1.30 

1 

1 35 

i 90 35 
110.5 

100 42 

51.77 

31 00 

Limed 

11 

12 

Check. .... 1 

4.1 

3.6 

3 85 


1.27 

1.37 

1 32 

52.07 

49.32 

50.69j 



13 

14 

Ammonium phosphate. | 

11,0 
9 0 

10 00 

6.15 

1 32 
1.46 

1 39 

145.20 

131.40 

138.30 

87 61 

52.46 

15 

16 

Ammonium sulfate.. | 

7.7 

10.4 

9,05 

5 20 

1 41 
1.39 

1 40 

108.57 

144.56 

126 56 

75.87 

45.43 

17 

18 

Dried blood | 

7.0 
7 0 

7.00 

3 15 

1.51 
1 46 

1.49 

105.70 

102:20 

103.95 

53.26 

31.89 

19 

20 

Cottonseed meal. . . | 

8,0 

8.9 

8 45 

4 60 

1 37 
1 30 

1 34 

109.60 

115.70 

112 65 

61.96 

37.10 


Sassafras loam (167 mgm. of nitrogen added) 

Unlimed 


21 

22 

Check 1 

^ 3.2 
3.0 

3.10 


1.72 

1.78 

! 

1.75 

55.04 

53.40 

54.22 



23 

24 

Ammonium phosphate | 

4 6 
4.2 

4.40 

1.30 

2.03 

1.93 

1.98 

93.38 

81.06 

87.22 

33.00 

19.76 

25 

26 

Ammonium sulfate | 

5.5 
4 9 

5.20 

2.10 

2.06 

1.92 

1.99 

113.30 

94.08 

103 69 

49.47 

29 60 

27 

28 

Dried blood | 

5 3! 
6.0 

5 65 

2.55 

1.85 

1.82 

1.84 

98 05 
109.2 

103.62 

49.40 

29.51 

29 

30 

Cottonseed meal | 

5 5 
5.3 

5 40 

2 30 

1.88 

1.75 

1.82 

103 40 
92.75 

98.07 

43.85 

26.26 
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TABLE 14— (Continued) 


POT 

NO. 

treatment 

YIEID 

AVER- 

AGE 

INCREASE 

OVER 

CHECK 

miRo- 

GEN 

AVER- 

AGE 

TOTAL 

NITRO 

GEN 

AVER- 

AGE 

IN- 

CREASE 

OVER 

CHECK 

PER 

CENT 

RECOV- 

ERED 

Sassafras loam (167 mgm. of nitrogen added) 

Limed 



grams 

grams 

grams 

percent 

percent 

mgm. 

mgm. 

mgm. 


31 

32 

Check 1 

7 0 
6 4 

6.70 


1 30 
1.32 

1.31 

91 00 
84 48 

87.74 



33 

34 

Ammonium phosphate | 

lost 

lost 









35 

36 

Ammonium sulfate | 

lost 

12.00 

12.00 

5.30 

1.44 

1.44 

172.80 

172 80 

85.06 

50.93 

37 

38 

' Dried blood | 

lost 
11 1 

11 10 

4 40 

1.36 

1 36 

150 96 

150.96 

63.22 

37.85 

39 

40 

Ccrttonseed meal | 

9.0 

12.0 

10 50 

3.80 

1.57 

1.43 

1 50 

141 30 
171 60| 

156 45 

68.71 

41.14 


Unlimed 


Norfolk sand (334 mgm. of nitrogen added) 


41 

42 

Check 1 

5 4 
4.5 

4 95 


1 34 
1 30 

1.32 

72 36 
58 50 

65 43 



43 

44 

Ammonium phosphate | 

16 7 
15 1 

15 90 

10.95 

1.53 

1.60 

1.57 

255 51 
241 60 

248.55 

183 12 

54.82 

45 

46 

Ammonium sulfate | 

14 6 
18 5 

16 55 

11.60 

1 78 
1 41 

1 60 

259 88 
256 85 

258 36 

192 93 

57.76 

47 

48 

Dried blood | 

13 5 
11 0 

12.25 

7.30 

1.53 

1.43 

1 48 

206 55 
157 30 

1^1 92 

116 ‘49 

34.87 

49 

50 

Cottonseed meal | 

15 0 

16 5 

15.75 

10.80 

1.36 

1.32 

1 34 

204 00 
217.80 

210 90 

145 47 

43.55 


Limed 


51 

52 

Check 1 


H 


1.48 
1 26 

1.37 

n 

73.54 



53 

54 

Ammonium phosphate | 

17 6 
lost 

n 


1.51 

1.51 

265.76 

265.76 

192.22 

57.55 

55 

56 

Ammonium sulfate — | 

17 7 
18.7 

■ 

12.80 

1.47 

1.47 

1 47 

s 

267.54 


58.08 

57 

58 

Dried blood | 

13 3 
16.9 

H 


1.72 
1 32 

1.52 

228.76 

223.08 

225.92 

152.38 

45.62 

59 

60 

Cottonseed meal | 

13 7 
13.3 

1 

8.10 

1.58 

1.41 

1 

216.46 

187.53 


128.45 

38.46 
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TABLE 14— (Concluded) 

Sassafras loam (334 mgm. of nitrogen added) 


POT 

NO. 

TRSATMXMT 

YISIS 

A.VER> 

AGE 

INCREASE 

OVER 

CHECK 

NTTRO- 

OBN 

AVER- 

AGE 

TOTAL 

NITRO- 

GKN 

AVER- 

AGE 

IN- 

CREASE 

OVER 

PER 

CENT 

RECOV- 








CHECK 

ERED 


Unlimed 


61 

62 

Check 1 

grams 

4 0 
4 4 

grams 

4.20 

grams 

percent 

1.43 

1.43 

percent 

1.43 

mgm. 

57.20 
62 92 

mgm. 

60.06 

mgm. 


63 

64 

Ammonium phosphate | 

5.1 

7.3 

6 20 

2 00 

2 16 
2 04 

2.10 

110.16 

148.92 

129 54 

69 48 

20.80 

65 

66 

Ammonium sulfate | 

7.2 

6.9 

7.05 

2.85 

1 81 
1.85 

1 83 

130.32 

127.65 

128.98 

68.92 

20.63 

67 

68 

Dried blood... | 

9.7 

lost 

9.70 

5.50 

2 03 

2 03 

196 91 

196 91 

136 85 

40 97 

69 

70 

Cottonseed meal | 

8.6 

7.5 

8 05 

3 85 

1 90 

2 09 

2 00 

163.40 

156.75 

160 07 

100 01 

29.94 


Limed 


71 

72 

Check 1 

5.2 

5.1 

5 15 


1.26 

1.30 

1.28 

65.52 

66.30 

65 91 



73 

74 

Ammonium phosphate | 

lost 
14 9 

14 90 

9.75 

1.50 

1.50 

223.50 

223.50 

157 59 

47.18 

75 

76 

Ammonium sulfate. . | 

18.5 
18 0 

18 25 

13.10 

1.43 

1.46 

1.45 

264.55 

262.80 

263 67 

197.76 

59.21 

77 

78 

Dried blood | 

14.5 

16,1 

15.30 

10.15 

1 64 
1.57 

1.61 

237.80 
252 77 

245 28 

179.37 

5;. 70 

79 

80 

Cottonseed meal | 

12.7 

13.6 

13 15 

8.00 

1 58 
1.62 

1.60 

200.66 
220 32 

210.49 

144.58 

43 29 


the relative recoveries of nitrogen with the four fertilizers are shown diagram- 
matically for both the Norfolk and Sassafras loam soils. In this case the 
results for the two different rates of application are shown separately. 

Referring to table 15 it will be noted that ammonium phosphate gave appre- 
ciably larger increases in dry matter on both the limed and unlimed Norfolk 
soil than did ammonium sulfate, and very much greater yields than the two 
organic fertilizers. On the Sassafras loam the crop yields are quite peculiar, 
ammonium phosphate giving more than twice tlie increases of ammonium 
sulfate in the absence of lime, while where lime is present there is a 32 per cent 
increase in favor of ammonium sulfate. 

The relative yields of dry matter are quite interesting when compared with 
the recoveries of nitrogen. In the presence of lime the fertilizers which gave 
the greatest increases in crop yields also gave the highest recoveries of nitro- 
gen, as might be expected, but when lime was absent the figures were some- 
what different, especially on the Sassafras loam. With ammonium phosphate 
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TABLE 15 

Comparative availaJbility of various nitrogenous fertilizers in soil under greenhouse conditions^ 

Summary — Six crops 
Increase in dry weights 
Norfolk sand 




unluced 

Lxiaa> 

HOM* OF 

NITROOEN APPLIED 

Ammo- 

nium 

phosphate 

Ammo- 

nium 

sulfate 

Dried 

blood 

Cotton- 
seed meal 

Ammo- 

nium 

phosphate 

Ammo- 

nium 

sulfate 

Dried 

blood 

Cotton- 
seed meal 

501 .. 

• • (gm) 

31 25 

28.10 

16.06 

20 52 

33.90 

28 67 

22 41 

18 46 

1002 . . 

• • (gm) 

62 92 

52.81 

38 56 

41.45 

65.41 

58 77 

44.71 

38.50 

Total . 

. . (gm) 

94 17 

80 91 

54.62 

61.97 

99.31 

87.44 

67.12 

56 96 

Raitio - - 


100.00 

85.90 

58 00 

65.80 

100 00 

88.00 

67.60 

57.30 

• 1 


Sassafras loam 


501 .. 
1002 .. 

• ■(gm) 

• •(gm) 

12.41 
:28 03 

5 46 
13 35 

10 08 
20 14 




14.92 

29.79 

11 52* 
26 58 

Total 
Ratio . . 

• (gm) 

40 44 
100 00 

18 81 
46 50 

30 22 
74 70 

29.95 
74 60 

100 00 

132 40 

89 60 

80 00 


Percentage of nitrogen recovered 
Norfolk sand 


MGM. OF 


VMUMEO 



LIMED 










NTTROCKN APPLIED 

Ammo- 

Ammo- 

Dried 

Cotton- 

Ammo- 

Ammo- 

Dried 

Cotton- 


nium 

phosphate 

nium 

sulfate 

blood 

seed meal 

nium 

phosphate 

nium 

sulfate 

blood 

seed meal 


percent 

per cent 

percent 

per cent 

per cent 

per cent 

per cent 

percent 

501 


62 41 

41 30 

38 22 

65.41 

55 12 

42.87 

36 21 


64.15 1 

62 24 

40.76 

45.74 

73 19 

64 64 

50 05 

44 61 

Average nitro-* 









gen recovery 
Relative avail- 

63 02 

62.30 


43 23 

70.60 

61.47 

47.66 

41.81 

ability 

100.00 

98 90 


68 60 

100.00 

87.10 

67.50 

59 20 


Sassafras loam 


501 

52.11 

46.81 

38.33 

36 47 


64.27 

48 99 

38.71* 

1002 

51.02 

53.71 

49.97 

41.69 

42.26 

50.75 

39.24 

31.32 

Average nitro- 









gen recovery 

51 38 

51.41 

46.09 

39.95 





Relative avail- 









ability 

1 

100 00 

1 

100 10 

89.70 

77.70 



92 80 

74.10 


•lacomplete line not included in calculating ratios. 
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taken as 100, aimnoninm sulfate showed a relative crop yield of about 44 in 
one case and 47.6 in another. The yields from dried blood and cottonseed 

Relative increases in dry Relative recoveries of 
matter nitrogen 


Am. Am. Dried C'seed Am. Am. Dried C’seed 

phcs. siilf. blood meal phos. sulf. blood meal 



Fio. 6. Diagram Showing the Availability of Various Nitrogenous Fertilizers in 

Norfolk Sand 


meal also were greater than those from ammonium sulfate, but not equal to 
those from ammonium phosphate. Of course the increases over the checks 
were quite small on this soil as compared with those on the Norfolk sand, but 
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nevertheless they are great enough to bring out strikingly that under very 
acid conditions ammonium sulfate may show a comparatively smaU crop, but 

Relative inereasee In dry Relative recoveries of 
matter nitrogen* 


Am* Am* Dried C^seed Am. Am* Dried C^seed 

phos* sulf* blood meal phos. sulf* blood meal 



Fig. 7. Diagram Showing the A\ ailability of Variou.tj Nitrogenous Fertilizers in 

Sassafras Loam 


on analysis a higher percentage recovery of nitrogen than othet fertilizers. 
It will be remembered that this soil contained a high initial per cent of nitrogen. 
Many investigators have recorded the fact that the use of nitrogenous 
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fertilizers increases the content of nitrogen in the dry matter of plants and 
necessarily lowers the percentage of carbohydrates. Among these may be 
mentioned Lipman (21), Beseler and Maercher (1), Ritthausen and Pott (28) 
and Wagner (34). The latter investigator emphasized the ability of plants 
to produce large quantities of dry matter with a low nitrogen content when 
conditions are favorable or a small amount of dry matter with a high nitrogen 
content when there is an excess of available nitrogen present. The latter 
condition is quite common where a nitrogenous fertilizer is applied to a soil 
which is already rich in nitrogen. Adolph Mayer (24) found that while the 
application of readily-soluble nitrogen may increase the nitrogen content of 
the plant, there may not necessarily be an increase in protein nitrogen. In 
an experiment on the relation of lime to the availability of ammonium sul- 
fate, Cook and Allison (4) showed that, while the use of lime in connection 
with ammonium sulfate may greatly increase the crop yield, the analysis 
of the crop does not always show a higher recovery of nitrogen in such cases. 
Similar results to those reported in this thesis were obtained in many cases. 
While the writers mentioned have shown that the use of the readily available 
fertilizers, usually sodium nitrate, may increase the per cent of nitrogen in the 
crop, the enormous increase reported here seems to be wholly out of proportion. 
In another experiment, the results of which have not yet been published, the 
writer was able to grow small buckwheat plants in an acid loam soil for a few 
weeks in the presence of an imusually high percentage of ammonium sulfate, 
which on analysis showed 16 per cent of nitrogen, while plants grown in a 
similar soil in the absence of nitrogenous fertilizers showed 0.8 per cent of 
nitrogen. Evidently the nitrogen represented by this 2000 per cent increase 
over the check was not present in the plant as protein nitrogen. Whether 
the same results would have been obtained with ammonium phosphate is, of 
course, only a matter of conjecture, but the results reported in this thesis 
indicate that the ammonium phosphate would have behaved in a more normal 
manner. 

As an average of all the conditions, the recoveries of the nitrogen applied 
to the Norfolk vsand were 65,88, 61.10, 43.74 and 41.19, respectively, for am- 
monium phosphate, ammonium sulfate, dried blood and cottonseed meal. 
The highest recovery in any case was 73.19 per cent on the limed soil. On 
the Sassafras loam the average recoveries were 48.46, 50.42, 42.51, and 36.49 
per cent for ammonium phosphate, ammonium sulfate, dried blood and cotton- 
seed meal, respectively, the highest being 53.71 per cent on an unlimed soil. 
In calculating these averages the incomplete set of figures for the smaller 
application of nitrogen on the limed soil are omitted. 

The question naturally arises, what has become of the remainder of the 
nitrogen applied? No analyses of the soils from the various pots were made 
to determine if there was more or less nitrogen at the end of the experiment 
than at the beginning, but this was scarcely necessary for the mere fact that 
plants would not grow in the pots after removing five crops is in itself sufficient 
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proof that the supply of nitrogen had decreased yery markedly. Even if it 
were present in an unavailable form it would have soon been made available. 
Under greenhouse conditions ammonification and nitrification can proceed 
at a very rapid rate. In explaining the fact that under the most favorable 
conditions usually not more than 60 per cent of the nitrogen added is recovered^ 
in the crop the usual causes set forth have been leaching, fixation in the soil, 
loss as ammonia, and loss as nitrogen gas. The last two have not been em- 
phasized to any great extent because leaching and fixation by the zeolites and 
as proteins by the soil microorganisms seemed more plausible. 

In this experiment leaching cannot be considered since the plants were 
grown in pots having no provision for drainage. The second explanation, 
namely, fixation, does not seem to be of importance, considering that five 
crops were grown and any nitrogen fixed in the soil, especially as protein, would 
probably have become available for the plants during the course of the experi- 
ment. The most logical conclusion, then, is that nitrogen escaped as free 
'nitrogen gas or as ammonia. 

Among the many investigators who have made a study of the loss of am- 
monia from soils, the following may be mentioned. Hals (7) found that 
ammonia is lost from loamy soils rich in lime when small quantities of ammo- 
nium sulfate are added and the soil is exposed to wind and sun. Wagner (35) 
attributes the lower efficiency of ammonium sulfate to be due to the escape 
of ammonia into the air. Kretschiner (13) states that ammonium sulfate 
should not be used as a top dressing with soils rich in lime. Schafer-Heide (30) 
observed that a high lime content and high temperature favored loss of 
ammonia, especially on light soils.' Schreiber (31) conducted pot experiments 
with oats to determine the effect of calcium carbonate on ammonium sulfate 
and found that where ammonium sulfate was used as a top-dressing on soils 
rich in lime decided losses of ammonia occurred. Lemmermann (14) states 
that the danger of loss of ammonia is small provided the ammonium sulfate is 
thoroughly incorporated with the soil and the application does not follow 
liming too closely. Ehrenberg (5) states that loss of ammonia by volatiliza- 
tion is to be feared only in the case of sandy soils which are rich in calcium 
carbonate, contain little humus and are poor in zeolitic compounds. Even in 
such soils the loss is not appreciable except at high temperatures and in dry 
soils containing high contents of ammonia. Lemmerman (IS) found that the 
addition of calcium carbonate to soil in pots reduces the volatilization of 
ammonium carbonate and increases the absorptive power of the soil for am- 
monia. Caustic lime exerted an opposite effect. 

Niunerous studies on the loss of nitrogen gas from soils have been made 
but only a few references can be given in this discussion. The experiments of 
Immendorff (10) are significant in that they point to a loss of free nitrogen 
during the nitrification of ammonium salts. Wilfarth, Romer and Wimmer 
(36, p. 26) point out that there may be a volatilization of elementary nitrogen 
during respiration. Lipman and Blair (22) in a discussion of various phases 
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of the nitrogen problem, state that ‘‘there seems to be more or less justification 
for the assumption made, by these investigators (Wilfarth, Romer and Wim- 
mer) for it is quite possible that in the respiration processes there may be 
destruction, not only of the non-nitrogenous organic compounds, but also of 
nitrogenous organic compounds, like amino acids or their derivatives. At 
any rate it has been known for years (2) that there is a loss of nitrogen in the 
germination of seeds, and the analogy might well be extended to the plant 
after germination.” The same investigators, commenting upon the lower 
availability of dried blood nitrogen as compared with ammonium sulfate 
nitrogen state that in the process of decay there are many stages where loss 
of elementary nitrogen, is liable to occur and the greater the resistance to 
decay the greater is the danger of loss. Also, in nitrification processes a por- 
tion of the nitrogen is set free. The loss with ammonium salts is slight but 
probably more appreciable with organic combinations. 

From the data reported in this paper, obtained with the use of ammonium 
phosphate, ammonium sulfate, dried blood and cottonseed meal, and in the 
light of previous work done by various investigators, the writer is inclined 
.to attribute the failure to obtain a complete recovery of the nitrogen applied 
to the soil in the crops largely to a loss as ammonia or nitrogen gas. Half of 
the pots received an application of calcium carbonate, yet the recovery of 
nitrogen from these pots was usually larger than from the unlimed pots; 
therefore the presence of the lime cannot have been the primary cause of loss 
of nitrogen. Possibly calcium oxide would have caused a greater loss than 
occurred on the untreated soils. It would seem that either there is an appreci- 
able loss of ammonia from all soils, both sand and clay, even when kept moist 
and relatively free from air circulation, or else there is a loss as nitrogen gas 
from the soil by transpiration. While it has not yet been proved that nitro- 
gen is evolved from plants, there is plenty of evidence strongly indicating that 
such is the case. 

Effect of fertilizers on soil reaction 

At the end of a little over one year from the time the experiment on the 
comparative availability of various nitrogenous fertilizers had been started, 
and directly following the harvesting of the fifth crop, the lime requirement 
of the soils in all of the pots was determined. The samples of soil for these 
analyses were obtained by removing the 20 pounds of soil from the pots, 
thoroughly mixing and air-drying. The Veitch method for the determination 
of acidity was used throughout the work. The data are given in table 16, 
the results being omitted for pots 33, 35 and 37 which, it will be remembered, 
accidently received an extra application of fertilizer. In other cases fungi 
injured the crop, but the lime requirements are given regardless of this fact. 

In general, the results show that ammoniiun sulfate and ammonium phos- 
phate increase the acidity to a greater extent than dried blood or cottonseed 
meal. Usually ammonium sulfate caused a greater acidity than ammonium 
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TABLE 16 


Efect of fertilizers on soil reaction 


POT 

NO. 

TREATMENT 

MGM. NTTEOGEN 
ADDED 

la 

|s 

RESIDUE IN son. 

UME REQUIRED 
AT START. LBS. 
CaO PER ACRE 

pi 

gSu 

9 

S'^ 

AVERAGE IN> 
CREASE LBS. 
PER ACRE 

IP 

liSs 

Norfolk sand 






Acid 

Acid 

Acid 



1 

Check 1 

0 

162.39 


400 

3300 

3700 



2 

0 

142.70 


400 

3500 

3900 

3800 


3 

Ammonium phos- f 

334 

394.62 

91.92 

400 

3900 

4300 



4 

phate \ 

334 

380.70 

105.84 

400 

4100 

4500 

4400 

600 

5 

6 

Ammonium sulfate.. . | 

334 

334 

360.74 

410.66 

125.80 

75.88 

400 

400 

4300 

4300 

4700 

4700 

4700 

900 

7 

Dried blood | 

334 

314.26 

172.28 

400 

3900 

4300 



8 

334 

310.61 

175.93 

400 

4000 

4400 

4350 

550 

9 

10 

Cottonseed meal. . . | 

334 

334 

302.00 

282.80 

184 54 
203.74 

400 

400 

3300 

3500 

3700 

3900 

3800 

000 






Alkaline 

Acid 

Acid 



11 

Check 1 

0 

256.47 


2240 

900 

3140 



12 

0 

229.06 


2240 

1000 

3240 

3190 


13 

Ammonium phos- f 

334 

484.06 

92 70 

2240 

1000 

3240 



14 

phate \ 

334 

482.01 

94 75 

2240 

1200 

3440 

3340 

150 

15 

16 

Ammonium sulfate. . , | 

334 

334 

446.88 

439.23 

129.88 

137.53 

2240 

2240 

1300 

1300 

3540 

3540 

3540 

350 

17 

Dried blood | 

334 

393.16 

183.60 

2240 

900 

3140 



18 

334 

416.41 

160 35 

2240 

1300 

3540 

3340 

ISO 

19 

20 

Cottonseed meal. . . . | 

334 

334 

366.73 

358.73 

210 03 
218.02 

2240 

2240 

1500 

1500 

3740 

3740 

3740 

550 


Sassafras loam 







Acid 

Acid 




21 

Check 1 

0 

454 74 


2800 

6100 

3300 



22 

0 

471.14 


2800 

6300 

3500 

3400 


23 

Ammonium phos- f 

334 

721.86 


2800 

5900 

3100 



24 

phate \ 

334 


169.88 

2800 





25 

26 

Ammonium sulfate. . . | 

334 

334 

623.31 

672.79 

173.63 
124 15 

2800 

2800 

6200 

6500 

3400 

3700 

3550 

150 

27 

Dried blood | 

334 

561,90 


2800 

6500 




28 

334 

649.45 

147.49 

2800 

6300 



200 

29 

30 

Cottonseed meal | 

334 

334 



2800 

2800 

6100 

6100 



-100 















i*OT 

NO. 

TREATMENT 

MGlf. NITROGEN 
ADDED 

MGM. NITROGEN 
RECOVERED 

RESIDUE IN son. 

isi 

!ll 

a So 

M 

LIME REQUIRED 
AT END. LBS 
CaO PER ACRE 

INCREASE LBS. 
PER ACRE 

AVERAGE IN> 

CREASE LBS. 
PER ACRE 

average in- 
crease DUE TO 
FERTILIZERS 
LBS . PER ACRE 

Sassafras loam 

31 

32 

Check 1 

0 

0 

599.25 
606 06 


Alkaline 

2240 

2240 

Acid 

1800 

1600 

4040 

3840 

3940 


33 

34 

Ammonium phos- f 
phate \ 

334 

334 

lost 

lost 


2240 

2240 

lost 

2300 

4540 

4540 

600 

35 

36 

Ammonium sulfate. . | 

334 

334 

lost 

838.99 

97 26 

2240 

2240 

lost 

3300 

5540 

5540 

1600 

37 

38 

Dried blood | 

334 

334 

lost 

784 93 

151 72 

2240 

2240 

lost 

1700 

3940 

3940 

0000 

3Q 

40 

Cottonseed meal | 

334 

334 

712.98 
742 82 

223 67 
193 88 

2240 

2240 

1500 

1900 

3740 

4140 

3940 

000 


Norfolk sand 







Acid 

A cid 




41 

Check 1 

0 

164 80 


400 

3700 

4100 



42 

0 

163 93j 


400 

3900 

4300 

4200 


43 

Ammonium phos- f 

66* 

624 29 

208 07 

400 

4800 

5200 



44 

phate \ 

068 

624.34 

208 02 

400 

4900 

5300 

5250 

1050 

45 

46 

Ammonium sulfate.. | 

668 

068 

597.27 

597.10 

235.09 

235.26 

400 

400 

5200 

4800 

5600 

5200 

5400 

1200 

47 

Dried blood | 

668 

443.38 

388, 98i 

400 

4400 

4800 



48 

668 

469 21 

363.15 

400 

4300 

4700 

4750 

550 

49 

50 

Cottonseed meal. . . . | 

668 

668 

471.52 
482 92 

360 84 
349.44 

400 

400 

3700 

3700 

4100 

4100 

4100 

-100 






Alkaline 

Acid 




51 

Check 1 

0 

216 88 


2240 

1300 

3540 



52 

0 

220.06 


2240 

1300 

3540 

3540 


53 

Ammonium phos- f 

668 

761.85 

124.62 

2240 

1800 

4040 



54 

phate \ 

668 

lost 


2240 

1700 

3940 

3990 

450 

55 

56 

Ammonium sulfate. . . | 

668 

668 

670 96 
673.45 

215 51 
213 02 

2240 

2240 

2100 

2200 

4340 

4440 

4390 

850 

57 i 

Dried blood | 

668 

569.69' 

316.78 

2240 

1700 

3940 



58 ! 

668 

565.63 

320 84 

2240 

1700 

3940 

3940 

400 

59 

60 

Cottonseed meal | 

668 

668 

539 54 
534 42 

346 93 
352.05 

2240 

2240 

1700 

1500 

3940 

3740 

3840 

300 
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TABLE 16 ~(Concludccl) 




ic 

H 

8 

MGM. NITROGEN 
RECOVERED 

S 

U) 

LIME SLEQU1RED 
AT START. LBS. 
CaO PER ACRE 

|3§ 


H 

sSSg 

H H 2 

ga! 

a -< H . 

POT 

NO. 

TREATMENT 


» 

1 

§ 

pi 

Isa 

93 

S.3 

Sassafras loam 






Acid 

Acid 




61 

Check 1 

0 

435 66 


2280 

6300 

4020 



62 

0 

488 98 

1 

2280 

6300 

4020 

4020 


63 

Ammonium phos- f 

668 

923 11 

207 21 

2280 

6700 

4420 



64 

phate \ 

668 

885 18 

245.14 

2280 

6900 

4620 

4520 

500 

65 

66 

Ammonium sulfate. . . | 

668 

668 

932.60 
930 65 

197 72 
199 67 

2280 

2280 

6400 

6600 

4120 

4320 

4220 

200 

67 

Dried blood | 

668 

784 86 

345 46 

2280 

6400 

4120 



68 

668 

lost 


2280 

6500 

4220 

417 ‘ 

150 

69 

70 

Cottonseed meal . . | 

668 

668 

756 03 
804.17 

374 29 
326.15 

2280 

2280 

6400 

6600 

4120 

4320 

4220 

200 






Alkaline 

Acid 




71 

Check 1 

0 

672 58 


2240 

1700 

3940 



72 

0 

865.99 


2240 

1700 

3940 

3940 






Alkaline 

Acid 




73 

Ammonium phos- f 

668 

lost 


2240 

2500 

4740 



74 

phate \ 

668 

1035 45 

402 83 

2240 

2600 

4840 

4790 

850 

75 

76 

Ammonium sulfate. . . | 

668 

668 

1089.51 
1070 52 

347.77 

366.76 

2240 

2240 

2800 

2800 

5040 
i 5040 

5040 

1100 

77 

Dried blood | 

668 

974 27 

463 01 

2240 

1900 

4140 



78 

668 

992.06 

445.22 

2240 

1700 

3940 

4040 

100 

79 

80 

Cottonseed meal | 

668 

668 

893 36 
983.72 

543.92 

453.56 

2240 

2240 

1700 

1800 

3940 

4040 

3990 

50 


phosphate. The two organic fertilizers showed very different behavior under 
different conditions. Sometimes dried blood showed a greater development 
of acid than cottonseed meal and again the reverse was true, or perhaps no 
acidity developed at all above that in the checks. 

Averaging the results of all determinations we find that the increase in 
lime requirement over the checks due to ammonium sulfate was 793.7 pounds 
of CaO, with ammonium phosphate 525 pounds, with dried blood 262.5 pounds, 
and with cottonseed meal 112.5 pounds. These results are about what woidd 
be expected and are in agreement with other work as far as ammonium sulfate 
and the organic forms of nitrogen are concerned. As far as the writer knows 
no data have been reported for ammonium phosphate. It is iippossiblc in 
this paper to take up a discussion of the acidity work which has been carried 
out with the other fertilizers. 
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Comparaiive availability of the nitrogen in sodium nitrate^ ^^Ammo-Phos,^^ 
waler-soluble ^^Ammo-Phosf^ and water-insoluble ^^Ammo-Phos^^ in 

sand cultures 

Ten-pound portions of very poor red sand were weighed out into pots and 
the various fertilizers added, including sodium nitrate, *^Ammo-Phos,’’ and 
water-soluble and water insoluble “Ammo-Phos.” Enough of each of these 
was applied so that each treated pot contained 100 mgm. of nitrogen. All 
pots received 1 gm. of KCl and 10 gm. of calcium carbonate together with 
enough acid phosphate to make the total phosphorus equal to that in water- 
soluble ‘‘Ammo-Phos.” The dry weights of the buckwheat are given in table 
17. 


TABLE 17 

Availability of different portions of ^Ammo-Phos'* 


TREATMENT 

YIELD 

AVERAGE 

INCREASI 

OVER 

CHECK 

Check 1 

grams 

4 0 
3.1 

grams 

3.55 

grams 

“Ammo-Phos’* | 

1L9 

lost 

14.90 

11.35 

Water-soluble “Ammo-Phos’* | 

14 5 

14 0 

14.25 

10.70 

Water-insoluble ^^Vmmo-Phos” | 

lost 

13 8 

13.80 

10 25 

Sodium nitrate | 

15.0 

13.5 

14.25 

10.70 


From table 17 it will be noticed that there was practically no difference in 
the availability of the various forms of nitrogen. For some unknown reason 
‘‘Ammo-Phos’’ was slightly better than sodium nitrate and even better than 
the water-insoluble portion of ‘‘Ammo-Phos.” The water insoluble ‘^Ammo- 
Phos^^ was nearly as good as the other forms of nitrogen, the difference being 
practically within experimental error. 

General review and discussion of nitrogen availability experiments 

The pot experiments have shown rather definitely the availability of the 
ammonium phosphate fertilizer as compared with other common nitrogenous 
fertilizers. It has been brought out that in general the nitrogen in ammonium 
phosphate gives at least as good results as that in ammonium sulfate and 
often slightly higher yields under greenhouse conditions. In the one experi- 
ment in sand in the greenhouse, sodium nitrate produced about the same 
increase in yield as ammonium phosphate. It is to be regretted that sodium 
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nitrate was not also included in the greenhouse soils experiment, but by com- 
paring the results obtained when ammonium sulfate and the organic fertilizers 
were used, with the extensive experiments of other investigators, we gain a 
fair idea of the relative value of the nitrogen in ammonium phosphate as 
compared with that in the other common fertilizers. Since ammonium phos- 
phate gives at least as good results as ammonium sulfate, then by considering 
the latter in relation to sodium nitrate we can gain a fair idea of what could 
be expected if ammonium phosphate were directly compared with sodium 
nitrate. 

While it might be desirable to include a bibliography of the question of 
availability at this point, it is impossible co do so for want of space. However, 
the writer has reviewed the literature rather thoroughly and as a general 
summary it may be stated that nitrate nitrogen usually gives the best results, 
ammonia nitrogen ranks second, following by calcium cyanamid and the 
various organic fertilizers. The data reported in this paper are in general 
agreement with the average results of other investigators although, of course, 
ammonium phosphate was not included in their availability experiments. 

The work of the various research men has shown better results for sodium 
nitrate and ammonium sulfate than for the organic form of nitrogen, but 
there is wide disagreement when we come to contrast ammonium sulfate and 
sodium nitrate. Some crops were found to prefer ammonia and others nitrate, 
but the soil and weather conditions are just as important as the crop or more so. 
Almost invariably the value of ammonium sulfate was relatively higher in 
wet seasons, while sodium nitrate was more or less independent of moisture, 
within certain limits, of course. Lime also favors ammonia nitrogen because 
it allows nitrification to proceed more rapidly through its neutralization of the 
acids present. Usually early spring applications were more effective than 
later applications. Several writers have cautioned against the use of large 
amf)unts of ammonium salts. 

From the standpoint of ammonium phosphate any availability experiments 
which include ammonium sulfate are important since we can reasonably 
predict that the phosphate salt will behave in a similar manner to ammonium 
suKate and acid phosphate. The data of this thesis for the most part sub- 
stantiate this assumption. Perhaps the salt will give slightly better results 
than ammonium sulfate because there is no sulfate radical left in the soil to 
increase the acidity. 

Comparative availability of various phosphate fertilizers m soil under greenhouse 

conditions 

The procedure followed for this experiment was practically a duplication 
of that used in the nitrogen a\ailability e3q)eriment reported in tables 7 to IS, 
except that phosphorus was the limiting factor instead of nitrogen. The 
same soils, namely, Norfolk sand and Sassafras loam were chosen. The pots 
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held only 10 pounds of soil. The fertilizers applied in addition to ammonium 
phosphate were acid phosphate (17.82 per cent P 2 O 6 ), basic slag (19.04 per 
cent P 2 O 6 ) and Tennessee raw rock phosphate (31.41 per cent P 2 O 6 ). The 
rates of application were 0.5 gm. of acid phosphate to one-half of the pots and 
1,0 gm. to ‘the remainder, equivalent amounts of phosphorus being added 
.for all treatments. Each pot received 1.3 gm. of potassium chloride. Three 
grams of ammonium sulfate also were added to all except the ammonium 
phosphate pots, in which case allowance was made for the nitrogen in the 
fertilizer. Half of the pots were limed and half left unlimcd, as was done in 
the previous availability experiment. Three crops of buckwheat were grown 
in all of the pots but only one application of fertilizer was made. The dry 
weights of the plants are given in table 18 together with the average results 
for the three crops. 

It will be noticed from the table that a few of the duplicate determinations 
do not agree as closely as might be desired. This is largely explained by the 
fact that the seed on these pots was not as good as it should have been. A 
few pots did not have as many plants as the others and consequently did not 
show quite as large a yield as would otherwise have been the case. However, 
it will be observed that usually when the yield of the first crop was low the 
yields for the next two crops tend to even up the differences and the final 
averages show reasonably close agreement for the duplicate pots. On the 
unlimed Sassafras loam the agreement between the duplicate treatments was 
not always close but this was due to the high acidity of the soil. When the 
fertilizers were added the increased amount of soluble salts applied only 
served to increase further the injury of the acids already present. Some of the 
plants on these pots were dead when harvested. None of the increases over 
the checks were very large, and for this reason it is impossible to draw any 
sharp distinctions in the availability of the phosphorus of the different 
fertilizers. The soils themselves contained practically all of that element 
needed for ordinary crop growth. 

The unlimed Norfolk sand at the lower rate of application showed practi- 
cally no difference in the availability of the phosphorus in ammonium phos- 
phate, acid phosphate and basic slag. The yield from raw rock phosphate was 
slightly below the others. At the higher rate of application on this soil the 
yields were less than with the smaller amount of phosphorus present. Doubt- 
less the higher concentration of salts in these pots was injurious. 

Where lime was added to the Norfolk sand the yields were much larger 
than in the absence of lipie, but the effect of the various phosphorus-contain- 
ing fertilizers is negligible in this case. They probably increased the availa- 
bility of the phosphorus in the soil. In some cases the addition of the fer- 
tilizers actually decreased the yield slightly, but the differences are within 
experimental error. , 

On the unlimed Sassafras loam at the lower rate of application acid phos- 
phate showed the highest availability, ammonium phosphate second, and the 
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TABLE 18 

Availability of phosphate fertilizers under greenhouse conditions 


TREATMENT 

Weight 

Aver- 

age 

Weight 

Aver- 

age 

Weight 

Aver- 

age 

Weight 

•Aver- 

age 

In- 

crease 

over 









check 


Unlimed 


Norfolk sand (86.1 mgm. of P 2 O 6 added) 



grams \ 

grams 

grams 

grams 

grams 

grams 

grams | 

grams 

grams 

Check 1 

23.6 


8.5 


1.3 


33.4 



22.2 

22 90 

3 1 

5 80 

1 2 

1 25 

26.5 

29.95 


Ammonium phosphate | 

30 0 
26 4 

28.20 

8 8 
7.4 

8 10 

2.5 

1 6 

2 05 

41.3 

35.4 

38.35 

8.40 

Acid phosphate. • • • | 

25 0 
25 5 

25 25 

10 0 
14 0 

12 00 

1.2 

1 4 

1 30 

36.2 

40.9 

38.55 

8.60 

Basic slag | 

26.0 
20 4 

23 20 

11 5 
14 2 

12.85 

1.5 

1 4 

1.45 

39 0 
35.6 

37.30 

7.35 

Raw rock phosphate.. . | 

21.5 
27 6 

24 55 

12 3 
5.8 

9.05 

1 4 

2.5 

1.95 

35.2 

35.9 

35.55 

5.60 


Limed 


Check 1 

19 5 

20 1 

19 

80 

24 9 
19 2 

22 05 

2 0 

6 9 

4 45 

46.4 

46.2 

46 30 


Ammonium phosphate | 

27.0 

26.7 

26 

85 

11 8 
10 3 

11.05 

4.0 

3.8 

3 90 

42.8 

40.8 

41 80 

-4.50 

Acid phosphate | 

25.0 
24 5 

24 

75j 

17 0 
20 2 

18 60 

2 0 

1 8 

1.90 

44.0 
46 5 

45.25 

-1.05 

Basic slag.. . ‘ { 

26 4 
21 0 

23 

1 

70 

15 7 
23 0 

19 35 

2 3 
1.6 

1 95 

44 4 

45 6 

45.00 

-1.30 

Raw rock phosphate. . | 

28 5 
20 7 

24 

60 

21 0 
19.7 

20.35 

4.7 

1 8 

3 25 

54.2 

42.2 

48.20 

1 

1.90 


Unlimed 


Sassafras loam (86.1 mgm. of P 2 O 6 added) 


Check 

{ 

6 0 
11 3 

1 

8.65 

5.0 

3.5 

4 25 

2 2 
1.9 

2 05 

13.2 

16.7 

14.95 


Ammonium phosphate 

{ 

12 7 
16 3 

14 54 

6 0 

4 7 

5.35 

2 1 
1.9 

2.00 

20.8 

22.9 

21.85 

6.90 

Acid phosphate 

/ 

1 

18.0 
17 0 

17.50 

6 0 

5 9 

5 95 

1 7 

1 8 

1.75 

25.7 

24.7 

25.20 

10.25 

Basic slag 

{ 

5 5 
14 0 

9 75 

8 4 

5 4 

6.90 

2.6 

1 5 

2.05 

16.5 

20.9 

18.70 

3.75 

Raw rock pho^hate.. . 

{ 

14.0 

9 6 

11.80 

4.0 

4 0 

4.00 

1.3 

2.1 

1.70 

19.3 

15.7 

17.50 

2.55 
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TABLE 18 — (Continued) 



FIRST 



THIRD CROP 

AVERAGE 

TXEATMSNT 

Weight 

Aver- 

age 

Weight 

Aver- 

age 

Weight 

Aver- 

age 

Weight 

Aver- 

age 

In- 

crease 

over 

check 


Limed 


Check 1 

grams 

13.8 
12 4 

grams 

13 10 

grams 

9 5 
7.1 

grams 

8 30 

grams 

6.9 

6.5 

grams 

6 70 

grams 

30 2 
26 0 

grams 

28 10 

grams 

Ammonium phosphate | 

15 0 
19.2 

17 0 

14 5 
14 5 

14.50 

8.1 

6 9 

7 50 

37.6 
40 6 

39.10 

11 00 

Acid phosphate | 

16 0 
16 5 

16 25 

15.4 

15.1 

15 25 

9.1 

7 1 

8 10 

40 5 
38 7 

39 60 

11 50 

Basic slag . . . | 

16 0 
11 2 

13 60 

17,7 
23 4 

20 55 

6 7 

6 9 

6 80 

40 4 

41 5 

40.95 

12 85 

Raw rock phosphate,. | 

10 4 

7 8 j 

9 10 

16 0 
15 6 j 

15.80 

7 5 
7.3 

1 

7.40 

33.9 
30 7 

32 30 

4 20 

Norfolk sand (172.2 mgm. of P 2 O 6 added) 

Unlimed 

Check . 1 

23 6 
22 2 

22 90 

8 5 

3 1 

5.80 

1 3 

1 2 

1 25 

33 4 
26 5 

29 95 


Ammonium phosphate | 

26 8 
21.7 

24 25 

6.5 

1 13 1 

9 80 

1.5 

1.1 

1 30 

34 8 

35 9 

35.35 

5 40 

Acid phosphate . . | 

23 6 
21 0 

22 30 

10 6 

9 0 

9 80 

1 8 

1 0 

1 40 

36 0 
31 0 

33.50 

3.55 

Basic slag | 

21 4 
21 3 

21 35 

5 7 
13 6 

9 65 

1 5 

1 5 

1 50 

28 6 
36.4 

32 50 

2 55 

Raw rock phosphate. . | 

19 5 
16 5 

18 00 

16 8 
13.0 

9 90 

2 5 

2 5 

2 50 

38.8 

32.0 

35.4 

5.45 


Limed 


Check ... . 1 

19.5 
20 1 


24.9 
19 2 



4.45 

46 4 
46.2 



Ammonium phosphate. | 

18 4 
22 5 



23 65 

2 2 
2.5 

2.35 

m 

46.45 


Acid phosphate | 

23 2 
15 4 


18.9 
25 7 


5.3 

3,9 



1 


Basic slag | 

22.5 

18.5 

20.50 

24.5 
23 9 

24.20 

2.5 

2 2 

2.35 

49 5 
44.6 


0.75 

Raw rock phosphate. . . | 

16 0 
14 2 

15 10 

21 2 
25.7 

23 45 



40.2 

45.9 

43.05 

-3.25 
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TABLE 18 — (Concluded) 



FIRST 

CROP 

SECOND CROP 

THIRD CROP 

AVERAGE 

TREATBffENT 

Weight 

Aver- 

age 

Weight 

Aver- 

age 

Weight 

Aver- 

age 

Weight 

Aver- 

age 

Itt- 

crease 

over 

check 


Sassafras loam (172.2 mgm. of PaO^ added) 

Unlimed 











grams 

Check 1 










Ammonium phosphate. | 

10 0 

9 8 

9.90 

15.4 

9.4 

12.40 

1 

1.7 

1.3 

1.50 

27.1 

20.5 

23.8 

8.85 

Acid phosphate | 

20.7 

16.8 

18.75 

5.5 

8.9 

7.20 

2.6 

1.4 

2.00 

28 8 
27.1 

27.95 

13.00 

Basic slag | 

9.6 

13.9 

11.25 

13.0 

12.0 

12.50 

1.3 

1.9 

1.60 

23.9 

27.8 

25.85 

10.90 

Raw rock phosphate.. . | 

15.0 

10.6 

12.80 

3.7 

5.8 

4.75 

1 

1.2 

1.5 

1.35 

19 9 
17.9 

18.9 

3.95 


Limed 


Check 1 1 

13 8 
12.4 

13.10 

9.5 

7.1 

8.30 

6.9 

6.5 

6.70 

30.2 

26.0 

28.10 


Ammonium phosphate. | 

14.1 

14.3 

14 20 

17.7 

23.9 

20 80 

8.2 

6.5 

7 35 

40 0 
44.7 

42.35 

14.25 

Acid phosphate | 

14 8 
14.0 

14 40 

18 6 
23 2 

20 90 

5.7 

5.8 

5.75 

39.1 

43.0 

41 05 

12.95 

Basic slag | 

10.0 

12.6 

11.30 

17 0 
20.4 

18.70 

8.2 

5.9 

7.05 

35.2 
38 9 

37.05 

8.95 

Raw rock phosphate. . . | 

9.8 

10.5 

10.15 

14.1 

14.2 

14.15 

6 8 
8.0 

7.40 

30.7 

32.7 

31 70 

3.60 


other two fertilizers third and fourth. With larger amounts of phosphorus 
present the order of availability was acid phosphate, basic slag, ammonium 
phosphate and raw rock phosphate. As previously stated, the high acddity 
in these pots greatly injured the plants. The results indicate that acid phos- 
phate, as has been previously shown, does not increase the acidity and hence 
gives comparatively good results in this acid soil. Basic slag is also beneficial 
for the same reason. Ammonium phosphate has been shown to increase the 
acidity somewhat and hence shows a lower availability than acid phosphate. 

On the other hand, in the presence of lime the availability of ammonium 
phosphate and acid phosphate was practically the same with both rates of 
application. In one case basic slag was slightly superior to all the other 
fertilizers, and in the other it was not quite as good as ammoniiun phosphate 
or acid phosphate. The sample of basic slag used in this experiment had 
been used ir. previous pot experiments at the New Jersey Agricultural Experi- 
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ment Station and had shown exceptionally good results. No doubt the 
ordinary commercial basic slag would have shown lower results than are here 
recorded. Raw rock phosphate proved to be relatively unavailable, as has 
been repeatedly shown. 

In general, this experiment indicates that on the basis of the phosphorous 
present, ammonium phosphate is of the same availability as acid phosphate. 
If the soil is acid and low in phosphorus the adiition of ground limestone will 
probably increase the availability of ammonium phosphate, but if the soil is 
acid and high in phosphorus the availability may be actually decreased, or 
apparently so, by making conditions favorable for the utilization of the 
phosphorus already in the soil rather than that added. 


TABLE 19 

Availability of phosphate fertilizers in quartz sand 


! 

TREATMENT 

FIRST CROP 
WEIGHT 

SECOND 

CROP 

WEIGHT 

TOTAL 

WEIGHT 

AVERAGE 

INCREASE 
OVER CHECK 



grams 

grams 

grams 

grams 

grams 

Check 

/ 

i 

2.8 

3.0 

2 1 

2.6 

4.9 

5 6 

5.25 


Ammonium phosphate 

/ 

... 

13 0 

12 4 

2.5 

2.5 

15 5 
14.9 

15.20 

9.95 

Acid phosphate 

/ 

13.0 

12.0 

. 2.0 

2.5 

15.0 

14.5 

14.75 

9.50 

Raw rock phosphate 

/ 

1 

5.0 

5.5 

3.3 

2.9 

8.3 

8.4 

8.35 

3.10 


Comparative availability of various phosphate fertilizers in quartz sand under 

greenhouse conditions 

For this experiment 10-pound portions of quartz sand were weighed out 
into pots and 1 gm. of K2SO4, 0.3 gm. of MgS04, 0.15 gm. of Fe2(S04)3 and 5 gm. 
of CaCOs added to each in addition to phosphorus in the form of ammonium 
phosphate, acid phosphate or raw rock phosphate. In each case the amount 
of phosphorus present was equivalent to that in 2 gm. of acid phosphate. 
The acid phos^phate analyzed 15 per cent P2O6 and the raw rock phosphate 
31.41 per cent. All pots except those containing ammonium phosphate 
received 1.3 gm. of ammonium sulfate; in the latter case allowance was made 
for the nitrogen present in the fertilizer. Two crops of’ buckwheat were 
grown following the one application of fertilizers. The dry weights of the 
plants are given in table 19. 

From the results of the experiment in quartz sand wc may say that there 
is practically no difference between the fertilizing value of phosphorus in 
ammonium phosphate and that in acid phosphate. The slight difference 
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noted here is in favor of ammonium phosphate. Raw rock phosphate is 
about one-third as efficient as the other two fertilizers. 


GERMINATION TESTS 

While the experiments reported above had not indicated that ammonium 
phosphate would injure the growth of young plants it seemed desirable to 
make some direct tests to determine what crops are most easily injured by 
high concentrations of the salt; also how iriUch can be safely applied to various 
soil types; the relative toxicity as compared with other common nitrogenous 
fertilizers; and finally, methods of application and general treatment that 
will lessen the injurious effect of a given application or enable larger applica- 
tions to be made safely. Knowing the composition and method of preparation 
of the commercial ammonium phosphate it did not seem likely that it would 

TABLE 20 


Effext of ammonium phosphate on germination in a loam soil. Percentage germination 


AMMONIUM PHOS- 
PHATE APPLIED 

WHEAT 

COWPEAS 

BUCK- 

WHEAT 

RAPE 

BARLEY 

OATS 

CORN 

VETCH 

grama 

0 000 

78 5 

100 0 

100 0 

100 0 

100 0 

100 0 

100 0 

80 0 

0 025 

71 4 

75 0 

100.0 

85 7 

100.0 

85.7 

100 0 

50 0 

0 050 

64 3 

62 5 

100 0 

92 9 

85.7 

100 0 

100 0 

60.0 

0 100 

85 7 

87 5 

90.0 

71 4 

100 0 

78 5 

100 0 

60.0 

0 250 

78 5 

50 0 

100 0 

100 0 

92 9 

100 0 

100 0 

50 0 

0.500 

71 4 

50 0 

100 0 

92 9 

92.9 

100.0 

100 0 

70.0 

1 000 

78 5 

50 0 

100 0 

85.7 

85 7 

100 0 

100 0 

70.0 

2 500 

92 9 

50 0 

90 0 

64 3 

100 0 

100 0 

100 0 

70.0 

5 000 

64 3 

0.0 

100 0 

7 1 

85 7 

92 9 

100 0 

10.0 


produce any greater injury than the pure mono-ammonium phosphate salt. 
That this assumption was found to be correct is shown by data given later, 
therefore, even though the commercial ammonium phosphate was used through- 
out the germination tests, it may be safely assumed that practically the same 
results would have been obtained with the pure salt. 

The method adopted in the experimental work was to weigh out into tum- 
blers 200 gm. of soil, in some cases moist and in other cases air-dried. The 
fertilizer was either mixed with the entire 200 gm. of soil or applied in a layer 
at some portion of the soil mass, frequently in direct contact with the seeds. 
The experiments were carried out at room temperature and at optimum 
moisture content for the various soils used. The details of the procedure 
used for each of the different experiments are given as these are discussed. 
The germination tests were always carried out in duplicate, with the exception 
of the first experiment, but for the purpose of conserving space only the aver- 
ages are given in the following tables. 



STUDIES WITH AMMONIUM PHOSPHATE 


63 


Effect of ammonium phosphate in various concentrations on different crops in a 

loam soil 

This experiment was intended to serve merely as a preliminary trial to 
determine the approximate concentration required to injure the germination 
of various seeds. Moist loam soil was obtained directly from the field and 
weighed out in 200-gm. portions into tumblers. The fertilizer was mixed 
with the entire sample of soil. In the case of com and cowpeas eight seeds 
were planted per tumbler, ten of buckwheat and vetch and fourteen of all 
the remainder. The results are given in table 20 in terms of percentage 
germination. 

It will be noticed that the results are somewhat erratic, in many cases due 
to lack of duplicate tumblers for each rate of application, the small number of 
seeds used, and in some cases the poor vitality of the seeds. The results as a 
whole, however, do establish in a general way the point at which toxic effects 
on germination begin to show. These toxic points, as shown by the figures, 
agreed rather closely with the actual appearance of the plants. 

When the plants were older some of them began to die, even in concentrations 
below 1000 mgm. At the end of three weeks the cowpeas were d 5 dng in the 
500-mgm. tumbler, buckwheat in the 250-mgm. tumbler, and com in the 
SOO-mgm. tumbler. There is but little doubt that the greatest injury of the 
fertilizer applied under field conditions would not be to germination, itself, 
but rather to the young plants after they are a few inches in height. 

Effect of ammonium phosphate^ ammonium sulfate, and acid phosphate on corn, 
wheat, and soybeans in a loam soil 

This experiment was carried out in the same manner as the one previously 
discussed except that an air-dried Penn loam soil was used and 12 seeds planted 
in each tumbler. The fertilizer was thoroughly mixed with the entire 200 
gm. of soil. The com was cut 30 days and the wheat and soybeans 40 days, 
after the time of planting, and the weight taken. In the case of ammonium 
sulfate the same amount of nitrogen was applied as in the ammonium phosphate 
tumblers. Likewise, the acid phosphate applications were based on the 
amount of phosphoric acid in the ammonium phosphate. In another series 
of tumblers the acid phosphate and ammonium sulfate were combined, giving 
a mixture with the same amount of nitrogen and phosphorus as is present in 
ammonium phosphate. The summarized results are given in table 21, and 
a portion of the data shown diagrammatically in figure 8. 

A glance at the figures shows that the diminution in the yield of green matter 
was rather gradual as the applications of the two fertilizers, ammonium phos- 
phate and ammonium sulfate, increased. At the lower rates of application 
there was a stimulation in the growth of corn and wheat due to the plant-food 
added, and then at higher concentrations the decline was gradual, many 
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of the plants having died before harvesting. Acid phosphate showed a marked 
stimulation up to amounts equivalent to 4 gm. of ammonium phosphate per 
tumbler, and then a sudden drop. Where acid phosphate and ammonium 

TABLE 21 

Effect of fertilizers on the germination and early growth of corn^ wheat and soybeans in a loam soil 


TREATMENT (GM.) 

AVERAGE GERMINATION 

AVERAGE WEIGHT 

Corn 

Wheat 

Soy- 

beans 

Corn 

Wheat 

Soy- 

beans 


percent 

per cent 

per cent 

grams 

grams 

grams 

Check 

100 0 

95 8 

95 8 

6 9 

0 58 

11.5 

Ammonium phosphate 0 250 

100 0 

95.8 

100 0 

7 5 

0 89 

9 6 

•Ammonium phosphate 0 500. . ... 

100 0 

83.3 

95 8 

8 6 

0 90 

9 1 

Ammonium phosphate 1 000 

100 0 

91 7 

54 2 

7 3 

0 94 

2.3 

Ammonium phosphate 2.000 

100 0 

87 5 

95 8 

5 2 

0 92 

3 2 

Ammonium phosphate 3 000 

95 8 

66 6 

33.3 

4 6 

0 60 

0 2 

Ammonium phosphate 4 000 

100 0 

91 7 

45 8 

2 8 

0.44 

0 0 

Ammonium phosphate 5.000. ... 

95 8 

83 3 

45 8 

2 8 

0 24 

0 0 

Ammonium sulfate 0131 

100 0 

95 8 

95 8 

9 0 

1 00 

10 5 

Ammonium sulfate 0 2.63 . . ... 

100.0 

95 8 

100.0 

8.7 

0 95 

9.3 

Ammonium sulfate 0 526 

100.0 

91 7 

95 8 

7 6 

0 91 

8.7 

Ammonium sulfate 1 051.. . . .. 

100.0 

100 0 

83 3 

6 0 

1.02 

6 6 

Ammonium sulfate 1 .577 

100 0 

75 0 

37 5 

5 6 

0 63 

1.1 

Ammonium sulfate 2. 102 

95 8 

79 2 

37 5 

3 2 

0 46 

0.0 

Ammonium sulfate 2 . 628 ... 

100 0 

62 5 

25 0 

2 4 

0.14 

0 0 

Ammonium sulfate 0.131 + acid phosphate 0.719 

100 0 

100 0 

91.7 

8 9 

1 24 

8 1 

Ammonium sulfate 0.263 -facid phosphate 1 .438 

100 0 

91 7 

83 3 

7 5 

0 88 

8 3 

Ammonium sulfate 0.526-f acid phosphate 2.875 

100 0 

87.5 

100 0 

6 8 

0 80 

9 2 

Ammonium sulfate 1.05 1-f acid phosphate 5.750 

95.8 

95.8 

83 3 

4.6 

0.93 

3 6 

Ammonium sulfate 1.5 7 7 -f acid phosphate 8.625 

100 0 

100 0 

45 8 

4 3 

0 38 

0 0 

Ammonium sulfate 2.102-f-acidphosphate 11.501 

95 8 

100.0 

41.6 

2 7 

0 26 

0 0 

Ammonium sulfate 2. 628 -facid phosphate 14.vS86 

95 8 

87 5 

25 0 

1 7 

0 15 

0 0 

Acid phosphate 0719 

100.0 

100.0 

87 5 

7 4 

1.13 

8.2 

Acid phosphate 1 . 438 

100 0 

95 8 

83 3 

8 1 

1.19 

8.5 

Acid phosphate 2 . 875 . . 

100.0 

91 7 

79 2 

7 6 

1.03 

9.6 

Acid phosphate 5 750 . . 

100 0 

79.2 

91 7 

7 4 

1 07 

8 6 

Acid phosphate 8 . 625 . . . 

100 0 

95 8 

83.3 

6 4 

1.18 

7.8 

Acid phosphate 1 1 501 

25.0 

16 6 

8 3 

0.2 

0 00 

0 0 

Acid phosphate 14 386 

0 0 

8 3 

4.2 

0 0 

0 00 

0.0 

i 


sulfate were used together the growth more nearly corresponded to that of 
ammonium |)hosphate or ammonium sulfate when used alone. The results 
with soybeans showed the same trend, except as already stated, the fertilizers 
were much more toxic and showed less tendency to stimulate. In general, 
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ammonium phosphate is slightly less toxic than ammonium sulfate 
used in combination with acid phosphate for corn and wheat and more 



Fig. 8. Diagram Showing the Efeect of Fertilizers on the Early Growth of Plants 

IN A Loam Soi . 


(Figures represent grams tif ammonium phosphate. Ammonium sulfate applications 
contained equivalent amounts of nitrogen ' 


toxic than ammonium sulfate used singly. For soybeans ammonium 
phosphate was more toxic than ammonium sulfate alone or in combination 
with acid phosphate. 
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TABLE 22 


Effect of various nitrogenous fertilizers^ alone and in combinationf on the germination and growth 
of corn in a limed and an unlimed loam soil 



0 

56 

111 

223 

334 

446 

557 

TREATMENT 

MOM. 

MOM. 

MGM. 

MGM. 

MGM. 

MGM. 

MOM. 

NITRO- 

NITRO- 

NITRO- 

NITRO- 

NITRO- 

NITRO- 

NITRO- 


GEN 

GEN 

GEN 

GEN 

GEN 

GEN 

GEN 


Limed 


^ f Germination (per cent) 

(weight (gram) 

100.0 

6.3 







Ammonium phosphate . 

f Germination 
\ Weight 


87 5 
5 6 

91.7 

6.3 

100.0 

5.0 

91.7 

8.3 

100.0 

6.7 

70.8 

3.5 

Ammonium sulfate 

r Germination 
[ Weight 


83.3 

5.7 

79.2 

5.4 

87.5 

4.7 

91.7 

5.2 

91.7 

3.5 

58.3 

9.9 

Ammonium sulfate + ^ 
acid phosphate 

f Germination 
[ Weight 


87.5 

5.4 

100.0 
6 4 

100.0 

6.6 

100.0 

8.1 

100.0 

6.5 

87.5 

3 0 

Sodium nitrate + acid 1 
phosphate 

f Germination 
[ Weight 


100.0 

7.2 

87.5 

6.1 

87 5 
4.1 

75 0 
1 2 

66 6 
1 5 

4.2 

0.0 


Unlimed 


Check 

r Germination 
\ Weight 

87.5 

7.3 







Ammonium phosphate. . . 

r Germination 
\ Weiglit 


91.7 
10 0 

87.5 
9 2 

95.8 
3 9 

91 7 
3 0 

100.0 

2.4 

91.7 

0.8 

Ammonium sulfate 

f Germination 
1 Weight 


91 7 
10 8 

79 2 
7.9 

87.5 
3 6 

91.7 
3 0 

91 7 
1.0 

66.6 
1 2 

Ammonium sulfate + ^ 
acid phosphate 

f Germination 
1 Weight 


100 0 
10 1 

91.7 
8 7 

91.7 
3 3 

91 7 
2 6 

100 0 
1.2 

87.5 

1.8 

Sodium nitrate + acid 1 
phosphate I 

f Germination 
[ Weight 


100.0 

11.5 

100.0 

8.6 

91.7 
4 5 

70.8 
0 9 

50 0 
0.5 

20.8 


0 

MOM. 

NITRO- 

GEN 

111 

MGM. 

NITRO- 

GEN 

223 

MGM. 

NITRO- 

GEN 

446 

MGM. 

NITRO- 

GEN 

670 

MGM. 

NITRO- 

GEN 

893 

MGM. 

' NITRO- 
GEN 

j 1115 

MGM. 

! NXTRO- 
CBM 


Limed 


Check 

/ Germination 
\ Weight 

100.0 

6.3 







Ammonium phosphate -f 
ammonium sulfate. . . . 

/ Germination 
\ Weight 


91.7 

7.0 

95 8 
5.3 

91 7 
5 5 

95 8 
3 6 

58.3 

0.4 

41.6 
0 5 

Ammonium phosphate + / Germination 
sodium nitrate \ Weight 


95.8 

7.3 

79.2 

2.9 

83.3 
2 6 

75.0 
0 5 

54.2 

0.2 

0.0 

0.0 

Ammonium sulfate + 
acid phosphate 

/ Germination 
\ Weight 

1 

83 3 
5 0 

100.0 

5.8 

100.0 

5.7 

100.0 
2 5 

66 6 
0.5 

20.8 

0.0 

Unlimed 

Check 

/ Germination 
1 Weight 

87.5 

7.3 







Ammonium phosphate + 
ammonium sulfate . . . 

/ Germination 
\ Weight 


91.7 

10.3 

95.8 

6.1 

95.8 

2.5 

87.5 

1.0 

58.3 

0.4 

20.8 

0.0 

Ammonium phosphate + 
sodium nitiate « 

f Germination 
\ Weight 


91.7 

9.0 

100.0 

8.2 

87.5 

2.8 

6.66 

0.5 

29.1 

0.1 

0.0 

0.0 

Ammonium sulfate + 
acid phosphate 

r Germination 
\ Weight 


91 7 
7.3 

91.7 

4.1 

95.8 
2 4 

83.3 

0.6 

33.3 

0.3 

58.3 

0.4 
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Effect of various nitrogen fertilizers alone and in combination on germination and 
plant growth in a limed and an unlimed loam soil 


Since the experiment reported in table 21 had indicated that perhaps the 
injurious effects of fertilizers at high concentrations when applied alone may 



K per 200 of eoil. 

Fig. 9. Diagram Showing the Effect of Excessive Quantities of Nitrogenous 
Fertilizers on the Early Growth op Corn 


be greater when used in combinations, the experiment reported below 
was planned. Half of the tumblers received 3 gm. of ground limestone each, 
while the remainder were left unlimed. Ten seeds were planted in each tum- 
bler after mixing the fertilizer with the 200 gm. of soil. The yield of the com 
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crop as well as the percentage of germination is given in table 22, and shown 
diagrammaticEilly in figures 9 and 10. 

From the data presented in table 22 it may be stated that on limed soil 
ammonium phosphate and the equivalent mixture of acid phosphate and 



per 200 gm. of soil. 

Fio. 10 . Diagha^ Showing the Effect of Various Combinations of Nitrogenous 
Fertilizers on the Early Growth of Corn 


ammonium sulfate produced equal effects. There was no great difference in 
the results where ammonium sulfate was used alone or in combination with 
acid phosphate. On unlimed soil ammonium phosphate was slightly less 
toxic than the equivalent mixture of ammonium sulfate and acid phosphate. 
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On both limed and imlimed soil ammonium phosphate in combination with 
ammonium sulfate was less toxic than the same amount of nitrogen and 
phosphorus in the form of ammonium sulfate and acid phosphate. On 
limed soil sodium nitrate was more toxic than either ammonium phosphate or 

TABLE 23 


Relation of type of soil to the injurious ejects of fertilizers on the germination of corn 



0 

28 

56 

112 1 

223 

335 

446 

558 

TREATMENT 

MOM. 

MOM. 

MCM. 

MGM. 1 

1 MCM. 

MOM. 

MCM. 

MCM. 

NITRO- 

NTTRO- 

_NITRO- 

NITRO- 1 

1 NITRO- 

NITRO- 

NITRO- 

NITRO- 


GEN 

OEN 

OEN 

GEN 

GEN 

GEN 

GEN 

GEN 


Clay 


/ Oermination (per cent) 
unecit. j Weight (gram) , 

95 8 
6 6 








Ammonium 
phosphate. . . 

f Germination 
, . [ Weight 


100 0 
6 9 

95 8 
6.9 

91 7 
7 0 

100 0 
4 2 

87 5 
2 8 

100 0 
3.2 

87.5 

2 3 

Ammonium 
sulfate . . . . 

/ Germination 
. . 1 Weight 

1 

95 8 
6 1 

91 7 
6 2 

95 8 
4 8 

! 83.3 
2 4 

95 8 
2 3 

91.7 

1.7 

87.5 

1.0 


Silt loam 


Check 

f Gennination 
' ‘ 1 Weight 

95 K 
7 Oi 

1 1 



j 




Ammonium 

r Germination 


87 5 

100 0 

95 8 

95 8 

91 7 

91 7 

79 2 

phosphate . . 

. \ Weight 


8 3 

7.2 

6 7 

6 7 

5 5 

2 9 

1 9 

Ammonium 

f Germination 


95 8 

91 7 

95.8 

91 7 

100 0 

91 7 

87 5 

sulfate 

. . \ Weight 


7.8 

7.7 

7.4 

5 1 

4 5 

3.5 

— k 

3 0 


Sandy loam 


Check 1 

f Germination 
( Weight 

95. 8j 
7 2 








Ammonium i 

phosphate 1 

f Germination 
[ Weight 


83 3 
4.8 

87.5 

4.2 

100 0 
3 0 

87.5 

0.9 

87.5 

0.5 

95 8 
0.0 

87.5 
0 0 

Ammonium l 

sulfate 

f Germination 
t Weight * 


95.8 

5.5 

95.8 
4 6 

100 0 
2.9 

91.7 

1.0 

91.7 

0.6 

29 1 
0 0 

54.2 

0.0 


Sand 


Check 

/ Germination 
* * 1 Weight 

100 0 
6.2 








Ammonium 

/ Germination 


91.7 

95.8 

91.7 

33.3 

12.4 

4.2 

0.0 

phosphate... . 

. . 1 Weight 


4.8 

1.0 

O.S 

0.0 

0.0 

0.0 

0.0 

Ammonium 

f Germination 


100 0 

95.8 

83.3 

66.6 

25.0 

20.8 

8.3 

sulfate 

. . 1 Weight. 


5.5 

1.6 

1.0 

0.0 

0 0 

0.0 

0.0 


ammonium sulfate with acid phosphate. On unlimed soil sodium nitrate 
with acid phosphate was more toxic than ammonium phosphate, but ammon- 
ium phosphate plus sodium nitrate had practically the same effect as ammon- 
ium phosphate plus ammonium sulfate. 
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Relation of type of soil to the germination of corn in the presence of excessive 

quantities of fertilizers 

The germination work reported in the preceding pages had shown, in a 
rough way, that the heavier the soil the larger is the amount of fertilizer 
required to affect germination. In order to have a direct comparison between 
soils, four types were chosen, namely, day, silt loam, sandy loam and sand. 
This experiment was carried out in the same manner as those previously 
discussed, using 200 gm. of air-dried soil and planting 12 kernels of corn per 
tumbler. The counts were made on the ninth day and the crop harvested and 
weighed green on the sixteenth day. The results are given in table 23. 

The results show very strikingly that very much larger applications of 
either ammonium phosphate or ammonium sulfate are required for the heavier 
soils than for the lighter ones to produce a marked injury. Applications which 
entirely prevented the growth of com in the sandy soil produced only a slight 
injury in the clay and silt loam soils. It should be stated that the results 
obtained for the clay in comparison with the silt loam may be somewhat 
misleading. Clay, being the heavier soil, would be expected to require more 
fertilizer to produce an injury and this would probably be true for most clay 
soils, but the soil used in this experiment was very granular and perhaps we 
might say cloddy, so that even after sieving through a coarse sieve the soil 
was quite loose and behaved as a coarser soil. On the other hand, the silt 
loam was very fine and exceedingly compact when moistened. 

In general, it will be noticed that the injury produced by a given amount of 
nitrogen as ammonium phosphate was about equal to that produced by a 
like amount of nitrogen as ammonium sulfate except in the clay soil where 
ammonium phosphate was less toxic than ammonium sulfate. In this experi- 
ment no acid phosphate equal to the amount of phosphoric acid in ammonium 
phosphate was applied to the ammonium sulfate tumblers. 

Effect of ammonium phosphate and ammonium sulfate on the germination of 
corn in quartz sand and in a sandy soil 

This experiment, carried out in the same manner as those previously dis- 
cusssed, was planned to determine the maximum amount of fertilizers that 
may be applied to a pure sand and a very sandy soil without injury. The 
quartz sand, of course, need not be considered from the standpoint of field 
conditions, but the sandy soil was no lighter or poorer than might be used to 
grow crops in extreme cases. Such a soil would certainly <)e an exception, 
though, and represents the extreme that would ever be put under cultivation. 

The amoimts of ammonium sulfate and acid phosphate used were always 
equivalent to the amount of nitrogen and phosphoric acid present in the 
corresponding ammonium phosphate tumblers. Ten kernels of com were 
planted in each tumbler, the germination counts being made on the tenth 
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day and the crop harvested at the end of 25 days. These figures are given 
in table 24. 

It will be noticed that in the case of quartz sand there is an appreciable 
decrease in germination with 200 mgm. of ammonium phosphate or the cor- 
responding amount of ammonium sulfate, and on the basis of the amount of 
nitrogen present there is little difference in the toxicity of the two fertilizers. 
In growth up until the end of the 25-day period it is clearly brought out that 
even the smallest application used, 50 mgm. per tumbler, produced some in- 
jury while 100 mgm. decreased the yield about one-half. 

Considering the results with the sandy soil it will be noticed that the de- 
crease in germination began at 750 mgm. of ammonium phosphate per tumbler 


TABLE 24 

Effect of fertilizers on the germination of corn in quartz sand and in sandy soil 


TREAT ME 

0 MGM. 
NITROGEN 

a B 

O os 

at: 

VO 5-^ 

. w 
a 5 
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or the corresponding amount of ammonium sulfate. Again the two fertilizers 
showed similar effects on germination,^ The decrease in growth began at 
about 200 or 300 mgm. of ammonium phosphate per tumbler. 


Comparison of methods of application 

This experiment was carried out with the purpo^ of determining if the 
injury to germinatiem is lessened by placing the fertilizer at a short distance 
from the germinating seeds. A Isforfolk sand was used. The data are given 
in table 25, the germination counts being made at the end of 13 days and the 
plants harvested on the twenty-first day. 

The position of the fertilizer in relation to the seed again had very little 
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effect except possibly in the tumblers where the seeds were planted one inch 
deep and the fertilizer placed an inch below the seeds. More fertilizer was 
required in these Jtumblers to produce a given effect than in any of the other 
tumblers. 


Effect of various nitrogenous salts on the germination of corn 

The previous experiments had fixed rather definitely the relation of type 
of soil to fertilizer injury and also the relative injury that may be expected 
from the use of ammonium phosphate in comparison with ammonium sulfate 
or acid phosphate. However, since the data reported in this paper are 
primarily a study of an impure ammonium phosphate it is of interest to make 
a further comparison to determine if this commercial phosphate salt will 
behave in a similar manner to the pure salt, or whether the impurities present 

TABLE 25 


Cmnparison of method of application 
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phate APPLIED 

FERTILKER IN 
CONTACT WITH SEED 
1.5 INCHES DEEP 

PE^TIUZER 1 INCH 
deep; seed 2 inches 

FERTILIZER 2 INCHES 
deep; seed 1 INCH 

FERTILIZER UNIFORM- 
LY distributed; 
SEED 1.5 inches deep 

Average 

gcimina- 

tion 

Average 

weight 

Average 

germina- 

tion 

Average 

weight 

Average 

germina- 

tion 

Average 

weight 

Average 

germina- 

tion 

Average 

weight 

grams 

per cent 

grams 

per cent 

grams 

per cent 

grams 

per cent 

grams 

Check 

97.5 

5 0 







0 10 

100 0 

5 5 

100 0 

5.6 

100 0 

6 1 

100 0 

5.9 

0.20 

100 0 

5 3 

100 0 

4 6 

100 0 

6 3 

100 0 

5 1 

0 40 

100 0 

2 8 

100 0 

3 5 

100 0 

4 0 

85 0 

1.6 

0 80 

90 0 

0 9 

95.0 

0 8 

95 0 

3.2 

90 0 

0 8 

1 60 



25 0 

0 1 

100,0 

1 7 

0 0 

0 0 

2 40 



0 0 

0 0 

95 0 

0.6 

0 0 

0 0 
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0 0 
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increase or decrease the injury to germination and plant growth. Further- 
more, what relation does ammonium phosphate bear to other nitrogenous 
salts, especially ammonium salts. The soil chosen for testing these points 
was the Sassafras loam used in previous experiments. Ten kernels of com 
were planted per tumbler and the fertilizers placed in direct contact with the 
seeds. With the exception of ammonium nitrate the applications were based 
on the amount of nitrogen present. Only the ammonium nitrogen was con- 
sidered in the case of this salt. The germination counts were made after 24 
days and the crop harvested at the same time. The results are given in table 26. 

From the standpoint of the crude ammonium phosphate the most interest- 
ing pqint brought out in the table is that with large applications of the fertilizer 
the toxic effects are usually no greater than with the pure mono-ammonium 
phosphate^ proving that the effects produced are not to any great extent, if 
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at all, due to the method of making the fertilizer or to any impurities present. 
The di- and tri-ammonium phosphates were somewhat less toxic on the basis 
of the amount of nitrogen present than was the mono form. In agreement 
with previous work the injury produced by a given amount^ of the ammonium 
phosphate . fertilizer was practically the same as with ammonium sulfate. 
Ammonium chloride was the most toxic of all the salts used, undoubtedly 
because of the chloride radical. Ammonium nitrate, on the basis of the 
amount of ammonia present, showed about the same degree of toxicity as 
the ammoniiun phosphate fertilizet, ammonium sulfate or mono-ammonium 
phosphate, regardless of the fact that twice as much nitrogen was present, 


TABLE 26 

Effect of nitrogenous salts on the germination of corn 
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half as ammonia and half as nitrate nitrogen. Sodium nitrate showed a 
slightly higher degree of toxicity than did the commercial ammonium phosphate 
fertilizer, but was not as toxic as ammonium chloride. 

The results of this ejqjeriment indicate that the concentration of the salt, 
whatever that salt may be, is the primary cause of the injury to germination 
and young plants. Secondary to this is the acid radical and the base to which 
it is combined. In the case of ammonium salts, as is brought out in table 26, 
the presence of the chloride radical resulted in a much greater injury than the 
nitrate. 
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Germination of corn in the field in the presence of ammonium phosphate 

After completing the germination tests in tumblers reported in the previous 
pages it seemed desirable to carry on some field work to determine just how 
much ammonium phosphate fertilizer may be applied to corn in the row with- 
out injury. Consequently on May 30, 1917 an experiment was begun on a 
Sassafras loam, which is the same soil used frequently in the germination 
experiments in the laboratory. Rows were laid off 1 foot apart and 50 kernels 
of corn planted per row, about 2 to 3 inches apart. The ammonium phosphate 
was applied in the row in a strip about 1 inch wide in direct contact with the 
seed, exactly as if applied with a seed drill having a fertilizer attachment. 
The rates of application were based on rows 32 inches apart. In other words, 
each linear foot received the same amount of ammonium phosphate as it 

TABLE 27 


Gcrminalion of corn in field ferlilizcd with ammonium pIto.sphatc 
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would in the field in rows 32 inches apart at the given rates per acre. The 
germination was counted on June 11 and 21 and is given in table 27. 

The corn on the rows with 50 and 1(X) pounds appeared to be best and was 
equal in size, color and apparent vigor. The rows with 150 pounds showed 
the effects of too much fertilizer. The decrease in the size of the plants with 
increasing applications of fertilizer was about proportional to the numbers 
given for germination. With 150 pounds and over there were a few plants, 
about 5 to 10 per cent, which looked yellow and stunted, and will probably 
die. The balance were dark green and not injured to any extent, if at all. 
The corn on the rows with 50 and 100 pounds was about 9 inches high and of 
very good color at the time of making the second germination counts. In this 
test 100 pounds is a perfectly safe application per acre. This was a very 
wet season, however, which should be more favorable than a dry season. It 
should also be borne in mind that the soil used is fairly heavy. Further tests 
are necessary before general conclusions can be drawn. 
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General discussion of germination experiments 

The results of the germination experiments show tliat ammonium phos- 
phate when applied to the soil has practically the same effect upon germina- 
tion as a mixture of acid phosphate and ammonium sulfate in the same -pro- 
portion as the plant-food constituents present in the ammonium phosphate 
fertilizer. In fact, such a large amount of acid phosphate was required to 
injure germination that we may say that the ammonium phosphate produces 
results quite similar to ammonium sulfate used alone. It has also been brought 
out that any injury produced by the commercial ammonium phosphate is 
due to the concentration of the soluble salts and not to any impurities that 
are present, for the injury produced by chemically pure mono-ammonium 
phosphate is just as great. Other salts, such as ammonium chloride and 
sodium nitrate, may produce even greater injury than ammonium phosphate. 
Evidently, then, the acid radical exerts its influence, but with most salts it 
is the concentration of the soluble material about the germinating seeds that 
plays the primary r61e. As was brought out earlier it is very significant that 
ammonium nitrate, on the basis of the amount of ammonia present, showed no 
greater toxicity than ammonium phosphate or ammonium sulfate, yet there 
was twice as much nitrogen present, half as ammonia and the remainder 
as nitrate nitrogen. 

Regarding the migration of soluble fertilizer salts in the soil, these experi- 
ments have shown that under the conditions prevailing in the tumblers the 
salts are carried from one point to another with sufficient rapidity to affect 
the germinating seed regardless of the method of application, whether at some 
particular point in the soil or uniformly distributed throughout the 200-gm. 
sample. However, these results must not be applied too closely to field 
conditions, where rains usually come at intermittent periods rather than as a 
small amount every day, as was the case in the tumblers. 

Investigators disagree as to the rapidity with which soluble salts diffuse 
through the soil. Harris (9) shows that salts are transferred through the soil 
readily by moving water. Malpeaux and Lefort (23) showed that the diffu- 
sion of nitrates was comparatively slow and was practically the same 
laterally as vertically. Sprinkling accelerated downward as well as lateral 
diffusion but there was rather a rapid return to the upper layers of soil by 
capillarity. The diffusion was more rapid in the sandy soil but less uniform. 
He concludes that under ordinary conditions of rainfall there is a compara- 
tively rapid diffusion of the nitrates in the surface soil. Miintz and Gaude- 
schon (25) conclude that the most soluble substances diffuse in the soil only 
with extreme slowness. The writer is of the opinion that under ordinary field 
conditions soluble salts are washed down to the subsoil and again brought 
to the surface by capillarity very readily, but that the lateral diffusion is 
almost negligible. 

How much fertilizer may be applied safely under field conditions without 
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injury if in direct contact with the seed? This question has not been com- 
pletely answered by the experiments reported but some progress has been 
made. In the first place the crop grown must be considered. Basing our 
.statements on table 20 we may say that corn, buckwheat, oats, wheat and 
barley are resistant crops, while vfetch, rape and cowpeas may be considered 
as relatively easily injured. Since most of this work deals with the germina- 
tion of corn we should bear in mind that this crop is relatively resistant and 
a greater injury would be expected with some other crops, especially those 
with high oil content, such as cowpeas, soybeans and cotton. 

Kearney and Harter (12), using alkali salts and eight species of plants, 
found that in water culture maize was on the whole the most resistant to pure 
solutions and cotton the least. Harris (8) working with alkali salts, foimd that 
the relative resistance of various crops in the seedling stage is usually in the 
following order, barley being the most resistant, barley, oats, wheat, alfalfa, 
sugar beets, corn and Canada field peas. Only about half as much alkali 
was required to prohibit the growth of crops in sand as in loam. He further 
states that the period of germination of seeds is considerably lengthened by 
the presence of soluble salts in the soil. The same observation was made by 
the writer, using the different fertilizers. 

Another point which must be considered is the type of soil. As was brought 
out in table 23 the amount of fertilizer required to produce a given injury in a 
clay or silt loam soil is probably ten times as much as is required in a sandy 
soil, at least imder laboratory conditions. The injury would probably not 
be quite as great under field conditions but nevertheless it is a well known fact 
that there is a big difference between soils. This may be partially attributed 
to the variations in the water-holding capacity, but also to the fact that the 
heavier soils have a greater absorbing capacity. On the other hand, it should 
be borne in mind that the fertilizer will distribute itself more rapidly in a 
lighter soil, and when applied in the row this factor would enter in to decrease 
the injury that we would otherwise expect to occur. 

Judging from the one field experiment reported it would seem that it is 
reasonably safe to apply as much as 100 pounds of ammonium phosphate per 
acre drilled in the corn row on the average soil, but it must be borne in mind 
that this experiment was conducted during a wet month. It is to be regretted 
that lack of time prevented the carrying out of a variety of field experiments. 
The tumbler experiments, however, have been sufficient practically to prove 
that a given amount of nitrogen as sodium nitrate or ammonium sulfate will 
produce just as great an injury as the same amount of nitrogen as ammonium 
phosphate, but this does not settle the question because there is little experi- 
mental evidence to show how much of these salts may be applied with safety 
in drills. It is usually customary to consider that such a fertilizer as ammoni- 
ium sulfate in moderate amounts may be drilled in the row with safety, but in 
the light of the results reported here it seems doubtful. It is a well known 
fact that the farmer has a prejudice in favor of organic fertilizers even though 
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the nitrogen is not as available as that in ammonium sulfate. Perhaps this 
prejudice is after all a just one and it would seem so since it has grown up as a 
result of many years of experience. Even ih so-called moderate amounts 
the ammoniate fertilizers, when applied in the drill, may produce marked 
injury, especially in dry seasons on sandy soils. The remedy seems to be 
either to apply smaller amounts of the soluble fertilizer in the drill, or to spread 
it over a wider strip in the row, or to make applications alongside the row or 
broadcast. 

CONCLUSIONS 

From the results of the work which has been reported in the preceding pages 
it may be briefly said that the ammonium pho.sphate fertilizer is in general 
of the same value as an equivalent amount of nitrogen as ammonium sulfate 
and phosphorus as acid phosphate, and may be used as a substitute for these 
other forms of plant-food. While in isolated cases this statement did not 
hold true, they were so few and under such abnormal soil conditions that they 
scarcely need be considered. In fact, the number of cases where ammonium 
phosphate was slightly superior to ammonium sulfate was larger than where 
the reverse was true. Ammonium phosphate is readily nitrified and utilized 
l)y both microorganisms and plants. 

From the standpoint of injurious effects when applied in high concentrations, 
ammonium phosphate is again similar to ammonium sulfate and slightly 
less toxic than sodium nitrate. In its application in drills caution should be 
used in regard to the amount applied, but this statement applies to other 
soluble salts as well. 

SUMMARY 

The chief points which have been brought out in this thesis may be summar- 
ized as follows: 

1. The commercial ammonium phosphate fertilizer used contains approxi- 
mately 13.5 per cent of ammonia and 43 per cent of phosphoric acid, 96.5 
per cent of which is either water- or citrate-soluble. 

2. Ammonium sulfate and ammonium phosphate nitrify at approximately 
the same rate, while dried blood, cottonseed meal and tankage are consider- 
ably less available, usually in the order named, tankage being the least 
available, 

3. A gradual increase in nitrate accumulation was found in tumblers up 
until the sixth week in a rich garden soil and until 8 to 10 weeks in a meadow 
soil. After the maximum accumulation in the garden soil the decline was 
quite rapid, showing the importance that may be attached to nitrate assimila- 
tion by microorganisms. 

4. Calcium carbonate proved to be especially favorable for nitrification 
while calcium oxide sometimes caused an actual depression in the nitrification 
of ammonium sulfate and ammonium phosphate; 

5. Ammonium phosphate increased the rate of ammonification of cotton- 



78 


F. E. ALLISON 


seed meal but decreased the ammonia production from dried blood. Green 
alfalfa was not appreciably affect,ed by the presence of the fertilizer. 

6. Soil fungi were found to utilize nitrogenous salts in solution in the fol- 
lowing order, sodium nitrate showing the poorest results, ammonium phosphate 
ammonium carbonate, ammonium sulfate, urea, ammonium nitrate and sod- 
ium nitrate. 

7. As an average of all conditions the recoveries of nitijigen applied to 
Norfolk sand, yielding six crops — one of barley, four of buclPWheat and one of 
com, were 65.88, 61.10, 43.74 and 41. 19, respectively, for ammonium phosphate, 
ammonium sulfate, dried blood and cottonseed meal. On a Sassafras loam 
the average recoveries in the same order were, 48.46, 50.42, 42.51 and 36.49. 
Liming usually increased the recovery of nitrogen. The crop yields were 
about in the same ratio as the nitrogen recoveries, except that under very 
acid conditions frequently ammonium sulfate showed a higher recovery of 
nitrogen than ammonium phosphate but a much smaller crop. The com- 
paratively low recovery of the nitrogen added leads the writer to believe that 
a considerable amount of nitrogen escapes from soil as free nitrogen gas or 
ammonia or is given off from the plant itself. 

8. The average of the results for two soils, limed and unlimed, with two 
rates of application of fertilizers, showed the following increases in lime re- 
quirement over checks, due to the fertilizers applied: ammonium sulfate, 
794 pounds of CaO; ammonium phosphate, 525 pounds; dried blood, 263 
pounds; and cottonseed meal, 113 pounds. 

9. Pot experiments in sand showed the nitrogen in the commercial am- 
monium phosphate, the water-soluble extract of ammonium phosphate and 
sodium nitrate to be of practically the same availability. Water-insoluble 
ammonium phosphate showed only a slightly lower yield than the other forms 
of nitrogen. 

10. Experiments in soils in the greenhouse, as an average, showed little 
difference in the availability of the phosphorus between ammonium phos- 
phate, acid phosphate and basic slag, while raw rock phosphate gave much 
smaller increases. On very acid soils acid phosphate was sometimes superior 
to ammonium phosphate as a source of phosphorus, doubtless because the 
former does not increase the acidity to any great extent, if at all, while am- 
monium phosphate does increase the acidity somewhat. In quartz sand the 
relative increases over the check were for ammonium phosphate 9.95 gm., 
acid phosphate 9.50 gm. and raw rock phosphate 3.10 gm. 

11. In germination experiments ammonium phosphate, on the basis of the 
amount of nitrogen present, showed about the same toxicity to germination 
and early growth as ammonium sulfate and less than sodium nitrate or am- 
monium ddoride when applied to soils in high concentrations. 

12. Very sandy soils require only about one-tenth as much fertilizer in 
tumblers to produce a given injury as heavy clay or silt soils. 

13. 'l4ie ^commercial ammonium phosphate was no more toxic than the pure 
mono-ammonium phosphate. 
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14. Liming decreased the growth of the young corn plants at the lower 
rates of application of the fertilizers in the germination experiments, but 
favored the plants at the higher rates. Using various combinations of fertil- 
izers did not lessen the injury of individual salts to any extent, if at all. 

15. Com, buckwheat, barley, wheat and oats were resistant to large appli- 
cations of fertilizers, while vetch, rape and cowpeas were relatively susceptible, 

16. Under laboratory conditions, using tumblers holding 200 gm. of soil, 
the injury produced by a given amount of the fertilizers was practically t he 
same whether applied in direct contact with the seed or uniformly mixed 
with the soil. 

17. Under field conditions applications of 100 pounds of ammonium phos- 
phate per acre in the row did not injure the germination of com, while the 
150-pound applications showed a slight injury. 
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THE SIGNIFICANCE OF THE SULFUR IN SULFATE OF AMMONIA 
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Ktedved for iraUJcttbm October 6, 1917 

The superiority of sulfate of ammonia to nitrate of soda, nitrate of lime, 
and other nitrogenous fertilizers for the production of barley, in certain soil 
t3rpes in California, which we have demonstrated (1) led us to inquire into the 
more direct nature of its cause. While we had shown the high coefficient 
of nitrifiability which characterizes sulfate of ammonia in those soils to be 
the cause of its superiority over other nitrifiable materials, it did not appear 
entirely clear why nitrate of soda and particularly nitrate of calcium should 
not be equally good with moisture conditions being maintained at the optimum. 
After stud}dng the situation, it occurred to us that the sulfur of the ammonium 
sulfate might be the cause of its supieriority over the nitrate fertilizers. This 
seemed particularly reasonable since the soils under study are markedly 
de&dent in organic matter and hence do not support a vigorous sulfofying 
flora. We, therefore, inaugurated an experiment to determine the r61e of 
sulfur, in barley growth on one type of the soils in question, when used in 
conjunction with nitrogenous fertilizers. It was argued that if sulfur in one 
or more forms, when combined with nitrates, induced similar yields to those 
obtained with sulfate of ammonia, the sulfur must be the cause of the superi- 
ority of the ammonium salt over the nitrates in the cases in question. 

DEScamnoN of the exfekiment 

The soil employed was the Oakley blow sand, which we have already de- 
scribed in detail elsewhere (2). It was placed in glazed earthenware jars such 
as those commonly used in greenhouse work. Every test was made in tripli- 
cate jars, except in some cases in which the lack of sufficient soil rendered it 
neces^ry to employ only duplicate jars. Two parallel series were run. In 
the first, the various nitrogenous fertilizers were used as in the experiments 
above dted. In the second, the same nitrogenous fertilizers were used in 
the same way, but sulfur in various forms was added to each. The amount 
of nitrogen employed was equivalent in all cases to that added on the basis 
of a field application of dried blood at the rate of 1000 pounds per acre. Simi- 
larly, sulfur was used in the same quantity for all cultvures to which it was 
apfflied, regardless of the form used and was equivalent to the amount of 
•oSur contained in the sulfate of ammonia application alone. I^trogen was 
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employed in the forms of sulfate of ammonia, nitrate of soda, nitrate of lime, 
and dried blood. Sulfur was used in the forms of flowers of sulfur, sulfuric 
add, and sodium sulfate. The applications of the various materials were 
made in accordance with the usual procedure which is based on the properties 
of every one of the substances. The moisture content of the soil was main’^ 
tained uniformly in all the jars and at as near the optimum point as possible. 
Twelve barley seeds of the Beldi variety, from selected heads, were planted 
in every jar as in all other experiments, and the plants were thinned to six 
after they had attained a height of 3 to 4 inches. At the end of the growing 
season, determinations were made of the number of heads of grain per jar, 
the number of tiUers, the total height of tillers, and the dry weights of straw, 
of grain, and of roots. Control jars were used, for growing plants, in which 
no fertilizer and no sulfur were employed and others in which only sulfur, 
but no nitrogen was applied. The data gathered are presented in the accom- 
panying tables. It is at once apparent even from a brief study of the data 
given, that, in the first place, sulfate of ammonia is far superior to the other 
nitrogenous fertilizers for barley growth under the conditions described above. 
Secondly, it is clear that sulfur in all forms, when supplementing the nitrate 
or blood, induces marked increases in barley growth over and above that 
induced by the nitrogen alone. Thirdly, the sulfur without the nitrogen is 
practically without effect on barley production on the Oakley blow sand. 

Considering the figures more in detail, it is obvious in the first table that 
marked effects, for the better, result from the application of nitrogen as regards 
the height of the stalks produced. The number of stalks or of heads produced, 
however, is only slightly affected, if at all, by all forms of nitrogen except 
sulfate of ammonia, which stimulates their production very markedly. When 
however, sulfur is added to the nitrogen, very striking increases in the number 
of heads and stalks occur in the case of all the jars, without any marked increase 
in the total height of the stalks. Moreover, the increases noted are, in most 
cases, sufficient to render the total growth about equivalent in those jars to 
that obtained in the sulfate of ammonia jars. This is true when any form of 
sulfur is added to nitrate of soda, but flowers of sulfur are not as good in that 
direction as sulfuric acid or sodium sulfate. On the other hand, it is true for 
nitrate of lime only in the cases of flowers of sulfur and sodium sulfate, but 
not in that of sulfuric acid, which actually depresses growth below that ob- 
tained when only nitrate of lime is applied. In the case of dried blood, sodium 
sulfate was not used and of the other two forms of sulfur, one — Sulfuric acid — 
stimulated the plants in the directions indicated markedly, while the other — 
flowers of sulfur — ^was almost without effect. 

Coming now to the more accurately measurable criteria for judging of the 
effects of nitrogen and sulfur on the barley plants, viz., the weights of straw, 
grain, and Voots, the following observations are easilymade. The application 
of sulfate of ammonia to the Oakley sand resulted in the production of about 
fourteen times as much total dry maxter as that produc^in the untreated 
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control jars. The jars treated with nitrate of soda, nitrate of lime, or dried 
blood, produced only a little more than half as much dry matter as those 
treated with sulfate of ammonia, the blood being slightly superior to the other 
two. When any form of sulfur is added to the Oakley sand without nitrogen, 

TABLE 1 


Number and height of shoots and number of heads 


NUMBEE 

NTTEOGENOUS 

PEETIUEEE 

POEM OF SULFUR 

NUMBER 
OF PLANTS 
PEE POT 

NUMBER 
OF HEADS 
PEE POT 

NUMBER 
OF SHOOTS 
PEE POl* 

TOTAL 
HEIGHT OF 
SHOOTS 

AVERAGE 
HEIGHT OP 
SHOOTS 

1 

(NHOiSO. 


6 

14 

15 

inches 

475.5 

inches 

31.7 

2 

iWUhSO, 


6 

12 

12 

384 5 

32.0 

3 

(NH4),S0, 


6 

12 

12 

404 0 

33 7 

4 

NaNO, 


6 

6 

6 

218.5 

36 4 

5 

NaNOa 


6 

8 

8 

253 0 

31.6 

6 

NaNOg 


6 

6 

6 

215.5 

35 9 

7 

Ca(NO,)j 


6 1 

6 

6 

207.0 

34.5 

8 

0 

, Ca(N03)* 


<■> 

7 

8 

246 0 

30 8 

V 

10 

Blood 


6 

8 

9 

254 5 

28 3 

11 

Blood 


6 

7 

8 

247.0 

30.9 

12 



6 i 

6 

6 

106 0 

17.7 

13 


NasSO. 1 

6 

6 

6 

92 0 

15 3 

14 


H 2 SO 4 

6 

6 

6 

104 0 

17.3 

15 


HsS 04 i 

6 

6 

6 

100 0 

16 6 

16 


Sulfur 

6 ; 

6 

6 

99 0 

16.5 

17 


Sulfur 

6 ! 

6 

6 

124.0 

20 7 

18 

NaNOa 

Na2S04 

6 ; 

12 

13 

414.0 

31 8 

19 

NaNOs 

Na2S04 

6 ' 

10 

10 

312 5 

31 2 

20 

NaNOa 

H 2 SO 4 

6 

12 

12 

403 0 

33 6 

21 

NaNOa 

H 2 SO 4 

6 

16 

13 

434 5 

33 4 

22 

NaNOa 

Sulfur 

6 

10 i 

11 

315 0 

28 6 

23 

NaNOg 

Sulfur 

6 

9 1 

9 

305 0 

33.9 

24 

Ca(N03).i 

Na2S04 

6 

14 

15 

412 0 

27.5 

25 j 

Ca(N 03)2 

, Na2S04 

6 

10 

10 

323 0 

32 3 

26 

Ca(NOj)3 

H 2 SO 4 

6 

6 

6 

182 0 

30 3 

27 

Ca(NO,), 

H 2 SO 4 

6 

6 

6 

203.0 

37.1 

28 

Ca(N08)g 

Sulfur 

() 1 

12 

12 

388,5 

32 3 

29 

30 

Ca(NO*)2 

Blood 

Sulfur 

H,S04 

1 

11 1 

11 

327.0 

29 7 

31 

Blood 

HjS04 

6 ; 

12 j 

12 

382.0 

31.8 

32 

Blood 

Sulfur , 

6 , 

9 ! 

9 

276 0 

30 7 

33 

Blood 

Sulfur 

6 1 

7 ' 

9 

286.0 

31.8 

34 

Control 


6 ; 

6 

6 

95.0 

15.9 

35 

Control 

1 

6 i 

1 

6 


110.0 

18 3 


it is without feffect as regards the dry matter produced, just as it was described 
above to be, in so far as the numbers ©f heads and stalks are concerned . When , 
however, sulfur in any form is added, as described above, to the nitrates or to 
dried Uood, it induces marked increases in the production of dry matter over 
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that produced by the nitrogen alone and, in most cases, the quantity of such 
increase is great enough to bring the total 3deld up to that of the sulfate of 
ammonia jars or nearly so. As was true in the case of the number of heads and 
stalks produced, flowers of sulfur appears to be less efficient than the other 

TABLE 2 


Yields of straw, grain and roots obtained in experiment 


NirM- 

BER 

NITROGENOUS 

EERTn,IZER 

FORM OF 

sulfur 

WEIGHT 

OF 

STRAW 

AVER- 

AGE 

WEIGHT 

OF 

STRAW 

WFJGHT 

OF 

GRAIN 

AVER- 

AGE 

WEIGHT 

OF 

GRAIN 

WEIOHl' 

OF 

ROOTS 

AVER- 

AGE 

WEIGHT 

OF 

ROOTS 

TOTAL 

DRY 

WEIGHT 

AVER- 

AGE 

TOTAL 

DRY 

WEIGHT 




grams 

grams 

grams 

grams 

grams 

grams 

grams 

grams 

1 

(NH4)..S04 


23 94 

23 38 

16 06 

15 69 

5 27 

6 84 

45 27 

45 90 

2 

{NJf4)2S04 


2.i 17 


14 83 


7.20 


45.20 


3 

{NH4)2S04 


23 02 


16 18 


8 04 


47 24 


4 

NaNOj 


11 65 

11 99I 

8 15 

8 95 

5 60 

4 91 

25 40 

25 85 

5 

NaNO, 


14 05 


10 95 


4 95 


29.95 


6 

NaNO;, 


10 26 


7 74 


4 20 


22 20 


7 

Ca(NO,)-. 


11 18 

13 09 

6.82 

8 91 

5 40 

6 60 

23 40 

28 60 

8 

Ca(NO,), 


15 00 


11 00 


7 80 


33 80 


9 

Lost 










10 

Blood 


14 46 

15 97 

11.03 

11 28 

5 06 

5 08 

30.55 

30.33 

11 

Blood 


13 47 


11 53 


5 10 


30 10 


12 


Na2S04 

1 24 

1 35 

1.46 

1 40 

0.40 

0 40 

3.10 

3.15 

13 


Na2S04 

1 46 


1 34 


0 40 

0 40 

3.20 

i 

14 


H 2 SO 4 

0 94 

1 52 

1 46 

1 18 

0 22 

0 57 

2 62 

3 07 

15 


11.2804 

2 10 


0 90 


0 52 


3 52 


16 


Sulfur 

1 54 

1 97 

1 46 

2 53 

0 60 

1 25 

3 60 

5 75 

17 


Sulfur 

2 40 


3 ()0 


1 90 


7 90 


18 

xNaNO. 

Na.2S04 

20 94 

20 66 

15 06 

14 84 

8.26 

8 73 

44 26 

44 23 

19 

NaNO, 

Na..S04 

20 38 


14 62 


9 20 


44.20 


20 

NaNO, 

II 2 SO 4 

22 (X) 

23 90 

16 00 

16 40 

7.70 

6 60 

45 70 

46 90 

21 

NaNO, 

H 2 SO 4 

25 80 


16 79 


5 50 


48 09 


22 

NaNO, 

Sulfur 

18 17 

17 S2 

12 43 

12 30 

5.00 

6 30 

35 60 

35 92 

23 

NaNO, 

Su’fur 

16 47 

1 

12 17 


7.60 


36 24 


24 

CuCNChh 

Na2S04 

23 35 

26 61 

16 65 

15 39 

9 50 

7.75 

49 50 

44 75 

25 

Cd(NChh 

Na2S04 

29.87 


14 13 


6 00 


1 40 00 


26 

CaiNOsh 

Jf.2SO, 

7 50 

9 56| 

5 60 

6 69 

2 15 

3 38 

1 15 25 

19.63 

27 

Ca(NO,), 

II. 2 SO 4 

11 62 


7 78 


4.60 


24 00 


28 

CafNOj,), 

Sulfur 

18 80i 

18.80 

14 20 

14 20 

1 08 

10 80 

43 80 

43.80 

29 

CaNO, 

Sulfur 

Contaminated by rain 





30 

Blood 

H.2SO4 

17 55 

18.08 

13 64 

14 22 

11.00 

9 40 

42.19 

41 70 

31 

Blood 

H 2 SO 4 

18 60 


14 80 


7 80 


41.20 


32 

Blood 

Sulfur 

17 62 

17 26 

13 08 

12.09 

7.80 

9.40 

38.50 

38.75 

33 

Blood 

Sulfur 

16.90 


It 10 


11 00 


39.00 


34 

Control 


1.54 

1 64 

1.26 

1.26 

0.40 

0 45 

3.20 

3.75 

35 

Control 


1.74 


1 26 


0 50 


3.50 



forriis in increasing dry-matter production over that of the nitrogen-treated 
pots alone, but is none the less markedly stimulating in that respect. It seems, 
moreover, to be slightly more efficient when added to dried blood than when 
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added to nitrate of soda but the difference is not great. On the other hand, 
sulfuric acid is more efficient when supplementing nitrate of soda than when 
supplementing dried blood. As regards total dry-matter production, sulfuric 
acid acts similarly when added to calcium nitrate as it does with regard to the 
^production of heads and stalks. 

Sodium sulfate is equally stimulating when used with nitrate of soda or with 
nitrate of lime, and sulfuric acid is likewise so for nitrate of soda and for dried 
blood. Flowers of sulfur show similarity to the other forms of sulfur in 
maximum stimulation with regard to one case only, viz., when it is added to 
nitrate of lime. Unfortunately, one of the duplicate jars in this case was lost 
and the figure obtained is, therefore, not as reliable as it would otherwise 
have been. 

In general, our data seem to show beyond question that, barring certain 
pronounced side-effects, such as that evidently obtaining in the nitrate of 
lime-sulfuric acid cultures, equally good results in barley production can be 
obtained on soils of the type in question with the nitrates and with blood as 
with sulfate of ammonia, if sulfur is added in proper form and quantity. 
Just why sulfuric acid, when added to nitrate of lime, should produce an effect 
so strikingly different from that produced by it when added to nitrate of soda 
seems at first sight not very clear, A little reflection brings forward the 
thought, however, that the greater solubility of the sodium sulfate than that 
of the calcium sulfate, the salts resulting in the two cases, may account for 
the supply of sufficient available sulfur in one case and not in the other; and 
hence the difference in effects on the barley plant. This explanation is not 
entirely satisfying, however, owing to the very marked depression in the growth 
of the barley plants induced by sulfuric acid when it is added to calcium nitrate. 
Another factor entering into the problem may be the loss of nitric acid which 
may be greater in one case than the other when the acid is added to the nitrate. 

The fact above noted of the non-effectiveness of all the forms of sulfur when 
applied to the soil without nitrogen, requires perhaps another word of comment. 
If, as seems true from our data, sulfur is needed by the barley plant on the 
soil in question, why should not sulfur exert at least a part of its beneficial 
effect even when nitrogen is not added with it? The answer may be in the 
theoretical consideration, which we propose, to the effect that nitrogen, being 
needed in this cas^ far more than sulfur, the latter is powerless to influence 
the plant in the building of further protein substances, to the building of 
which that nitrogen is absolutely essential. 

In view of the striking nature of the results above described, the method 
of improving the Oakley blow sand and similar soils covering large areas in 
this state is clearly indicated. Nitrogen in some readily available form must 
be used as fertilizer until such time as it shall be possible to increase the 
nitrogen and organic matter content of the soil by means like green manuring, 
and the efficient use of nitrogen-fixing bacteria. The choice of the most 
profitable form of nitrogen can be determined by reference to the tables 
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submitted herewith, takmi together with the prevailing prices of the materials 
in question. For the best results with annual craps, to which our remarks 
particularly af^ly, sulfur in some form, probably as flowers of sulfur, will 
have to be employed to supplement the nitrogenous fertilizer unless sulfate 
of ammonia is used. 

No mention is made here of the work of investigators in this country and in 
Europe which have testified to the value of sulfur as a soil amendment because 
they have no direct bearing on the subject of this paper. 

SUlfMASY 

1. The superiority of sulfate of ammonia over other readily available 
nitrogenous fertilizers for barley on the Oakley blow sand as demonstrated 
in earlier e:q)eriments is confirmed in a new series of tests. 

2. The cause of such superiority of sulfate of ammonia was sought for and 
believed to be found in its sulfur content. 

3. A statement of the mode of procedure employed in the experiment, and 
also details of the results obtained and their discussion are submitted above. 
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The mineral elements essential to the growth of plants in the soil or in cul- 
ture media, may under certain conditions become extremely toxic to the plants. 
In a nutritive medium with a given total concentration of the necessary salt 
constituents for plants, marked changes in growth are sure to occur with any 
considerable alteration in the salt proportions. The salt proportions may be 
altered in such a manner as to produce considerable change in the growth 
rates without causing any specific injury to the plants. When, on the other 
hand, the physiological balance of the medium is too greatly disturbed by the 
alteration of the salt proportions, toxic effects in some specific form are quite 
sure to appear, and these can usually be related to one or more of the constit- 
uents of the medium. Thus, in a series of 84 four-salt nutritive solutions, 
all having the same total concentration but with varying proportions of the 
same four salts, Tottingham (14) found that a number of his solutions caused 
specific injury to wheat seedlings, while other solutions of the same series pro- 
duced excellent growth without toxic effects. Tottingham was able to relate 
the injury to the magnesium content of the solutions. He pointed out, how- 
ever, that the conditions determining the degree of the injury were related to 
the relative proportions of all the constituents rather than to the partial con- 
centration of magnesium alone. In a more recent investigation (12) of the 
same character, with solutions comprising the three salts, mono-potassium 
phosphate, calcium nitrate, and magnesium sulfate, in 36 different proportions 
but with constant total concentrations, it was found that out of the total of 
36 solutions, 7 caused very severe injury to wheat seedlings and 14 produced 
slight injury. The remaining 15 solutions showed various degrees of produc- 
tiveness without toxic effects. The disturbance here observed was practically 
identical with that described by Tottingham (14) and called by him magnesium 
injury. 

In a nutritive medium with constant relative proportions of the necessary 
salt constituents for plants, variation in the growth rates without toxic effects 
may be brought about also by alterations in the total concentration of the 
medium. This is primarily an osmotic relation and appears to be dependent 
upoh the ease with which water may be taken into th6 cells. Trelease tl5) 
has shown that the growth rate (as indicated by dry-weight yields) is an ap- 
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proximate linear relation to the concentration of the medium above the opti- 
mum, the growth rate decreasing with an increase in concentration. If, 
however, the total concentration of the medium is gradually increased without 
alteration of the salt proportions, a point is finally reached where the plants 
may show symptoms of specific poisoning due to the absorption of excessive 
amounts of one or more of the essential constituents. This has been shown to 
occur with total concentrations not above the optimum for plant growth. 
Tottingham’s series of 4-salt solutions with a total osmotic concentration value 
of 0.5 atmospheres produced no magnesium injury to wheat seedlings. When 
the concentration of the solutions was increased to an osmotic value of 2.5 
atmospheres and 8.15 atmospheres, many of the solutions produced severe 
injury. The solutions of the 3-salt series employed by the present writer (12) 
caused no toxic symptoms in wheat seedlings when the total osmotic concen- 
tration value was 0.10 atmospheres, but with the same relative salt proportions 
at total concentrations having osmotic values of 1.75 atmospheres and 4 
Atmospheres, many of the solutions produced severe injury. 

In the course of some experimental work (13) concerning the influence of 
various salts on the growth of soybeans in soil, it was observed that several 
phosphate salts, when added singly to the soil, even in comparatively small 
applications, proved to be toxic to the plants, which not only were retarded 
in their development, but also suffered specific injury. It was the purpose of 
the present investigation to study somewhat in detail the nature of this injury 
and to determine the general effects of several monobasic phosphate salts on 
the growth of soybeans under various experimental conditions. These tests 
involved three distinct sets of experiments employing five different monobasic 
phosphate salts: (a) in soil to which the salts were added singly in the form 
of solutions with varying concentrations; (b) in connection with a complete 
fertilizer ration added to the soil in mixed solutions with constant total con- 
centrations; and (c) in culture solutions with complete nutrient mixtures. 

EXPERIMENTAL METHODS 
1, Preparation of stock soltUions 

Throughout these tests Baker^s analyzed chemicals were used, including 
mono-sodium phosphate, mono-ammonium phosphate, mono-potassium phos- 
phate, mono-calcium phosphate, mono-magnesium phosphate, and magnesium 
sulfate in the crystalline form, and calcium nitrate in the form of fused lumps 
(labeled as containing 4 H 2 O). In all the work with soil cultures, the salts 
were introduced into the soil in the form of solutions. Stock solutions of the 
salts, except mono-calcium phosphate, were prepared by dissolving separately 
in volumetric flasks a gram molecular weight of each salt, after which the solu- 
tions were made up to liter volume at 15°C. The distilled water used through- 
out was obtained from a Barnstead’’ still and was stored in large glass bottles, 
from which it was drawn for immediate use. The stock solution of mono-cal- 
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cium phosphate was prepared by dissolving one-eighth (0.125m) gram molecular 
weight of the salt in a volumetric flask, keeping the mixture at a temperature 
below 15®C. until the process of solution was completed, in order to avoid de- 
composition and precipitation, which sometimes occurred when the solutions 
were prepared at room temperature. The flask was then filled to liter volume 
at 15T. 

For immediate use, the volume-molecular stock solutions were diluted to 
concentrations better suited to the preparation of the culture solutions. The 
concentration of the diluted stock solutions was one-fourth (0.25m) molecu- 
lar, excepting the mono-calcium phosphate, which had a concentration of one- 
eighth (0.125m) molecular. 

Throughout this work all glass vessels employed as containers of solutions or 
distilled water were thoroughly washed with bichromate-sulfuric acid cleansing 
mixture, and were then rinsed with tap water, followed by distilled water. 

2. Preparation of culture solutions 

a. Pure solutions. Throughout this study concentrations will be stated in 
terms of gram molecules per liter of solution (volume-molecular concentration) 
or in terms of possible osmotic pressure in atmospheres (osmotic concentration). 

Five series of pure solutions corresponding to the five phosphate salts, were 
employed in soil cultures. Each series comprised 10 solutions. Eight solu- 
tions of each series, beginning with the first, varied in osmotic concentration 
from 0.5 atmospheres to 4 atmospheres, by increments of 0.5 atmospheres. 
The remaining two solutions of each series had concentrations of 5 and 7 
atmospheres, respectively. Each series possessed, therefore, a range in con- 
centration from an osmotic value of 0.5 atmospheres to an osmotic value of 
7 atmospheres. 

In table 1 are given the approximate osmotic concentration values in at- 
mospheres, and the volume-molecular concentrations of the ten solutions of 
each series, as well as the per cent of total salt added to each soil culture, cal- 
culated on the basis of the weight of air-dry soil, which in aU cases was 4 kgm. 
to each culture. 

The osmotic concentration values of these solutions were calculated approxi- 
mately according to the method employed by Tottingham (14) who based his 
calculations on the data of electrolytic dissociation as given by Jones (7). 
Electrolytic dissociation data for the phosphates here employed are not found 
in Jones’ tables. The data required for the calculation of the osmotic con- 
centration values of mono-potassium phosphate are given by Tottingham (14, 
p. 177), and similar data for mono-sodium and mono-ammonium phosphates 
are given by Watkins and Jones (16). Data for mono-calcium and mono- 
magnesium phosphates were not available. The osmotic concentrations of 
these salts in solutions were determined approximately by the method of 
cryoscopy (11). 
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6, Mixed solutions. Five series of mixed solutions were employed* Each 
of these consisted of the Tottingham (14) series of nutrient solutions in which 
a monobasic phosphate was substituted for the potassium nitrate. The series 
will be designated series I, II, III, IV, and V, and will correspond to the salts 
mono-sodium phosphate, mono-ammonium phosphate, mono-potassium phos- 
phate, mono-calcium phosphate, and mono-magnesium phosphate, respec- 
tively. Thus each solution of a series contained, in addition to the three 
salts, moncvpotassium phosphate, calcium nitrate, and magnesium sulfate, 
one of the five monobasic salts. The three salts, mono-potassium phosphate, 
calcium nitrate and magnesium sulfate, containing all the so-called essential 
constituents (excepting iron) of a complete nutrient mixture, were present in 

TABLE 1 


Approximate osmotic and volume-molectdar concentrations of solutions of monobasic phosphates 
employed singly in soil cultures; also amount of salts in each culture 
expressed as per cent of the weight of air-dry soil 




VOLUME-MOLECULAR CONCENTRATIONS 

WEIGHT OF SALT AS PER CENT 
AIR-DRY SOIL 

OP 

SOLU- 

TION 

NUMBER 

OSMOTIC 

CONCENTRA- 

TION 

<5 

<5 

li 

Series III 
KHtPO# 

fei 

si 

■0 

Xfi 

J. 

IC 

S M 

Series I 
NaHsPO# 

Series II 
(NHOHtPOi 

3^ 

Series IV 
CaH«(POi), 

e w) 

•E!S 

cn 

1 

atm. 

1 0.5 

0.0100 

0.0101 

0 0104 

0.0071 

0.0076 

0.015 

0.015 

0.018 

0.021 

0.021 

2 


0.0201 

0.0204 

0 0210 

0.0143 

0.0153 

0.030 

0.030 

0.036 

0.042 

0.042 

3 

1.5 

0.0305 

0.0308 

0.0321 

0.0216 

0.0231 

0.046 

0.044 

0.055 

0.063 

0.063 

4 

2.0 

0.0425 

0.0426 

0 0442 

0.0286 

0.0306 

0.064 

0.063 

0.075 

0.084 

0,084 

5 

2 5 

0.0539 

0.0539 

0.0560 

0.0359 

0.0384 

0.081 

0.077 

0.095 

0.105 

0.105 

6 


0.0658 

0.0658 

0 0685 

0.0431 

0.0461 

0.099 

0.095 

0.116 

0.126 

0.125 

7 

3.5 

0 0769 

0.0769 

0.0800 

0.0504 

0.0540 

0.115 

0.111 

0.136 

0.148 

0.147 

8 

4.0 

0.0901 

0.0900 

0.0936 

0.0578 

0.0618 

0 135 

0.129 

0.159 

0.169 

0.168 

9 

5.0 

0.1132 

0.1130 

0.1176 

0.0805 

0.0860 

0.170 

0.162 

0.199 

0.236 

0.234 

10 

7.0 

0 1622 

0.1615 

0.1685 

0.1051 

0 1120 

0.243 

0,232 

0.281 

0.307 

0.306 


corresponding solutions of the five series in the same osmotic and volume- 
molecular proportions. The different solutions all had approximately the 
same total osmotic concentration (2.5 atmospheres), but each solution of the 
same series differed from all the others in the relative proportions of the four 
component salts. 

In addition to these five series, a sixth series was employed as a control 
series; this, for the sake of convenience, may be called the 3-salt series. In 
the preparation of the 3-salt series, mono-potassium phosphate, calcium ni- 
trate, and magnesium sulfate only were employed. These three salts were 
present in each, solution of this series in the same relative proportions as were 
the same three salts in corresponding solutions of the other five series. How- 
ever, the total osmotic concentrations of the solutions of the 3-salt series were 
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made equal to those of the solutions of the other five series (2.5 atmospheres), 
each containing four constituent salts. Thus the partial volume-molecular 
concentrations of the three salts in each solution of the 3-salt series differed 
from the |>artial volume-molecular concentrations of the same salts in corre- 
sp>onding solutions of the other series, but the relative proportions of these 
three ^Its, in corresponding solutions of the different series, remained the 
same. 

The method here adopted to control the osmotic concentrations was the 
same as that employed by Tottingham (14, p. 192). The relative proportions 
of the salts were varied in such a way that a decrease in the partial concen- 
tration of one salt was balanced by a sufficient increase in the partial concen- 
trations of the remaining salts to keep the total osmotic concentration of the 
solution constant. The total osmotic concentration (2.5 atmospheres) for 
each 4-salt series was considered to be divided into ten equal parts and these 
parts were distributed among the four salts in all possible proportions. Thus 
each salt produced in the different solutions of a series, from one-tenth to 
seven-tenths of the total osmotic concentration. 

A detailed discussion of the methods by which the osmotic concentration 
of a series of solutions, differing in the proportions of the constituent salts, 
may be controlled, as well as a discussion of the methods of calculation by 
which the partial osmotic concentrations may be approximately determined 
for complex mixtures with constant total osmotic concentrations, has been 
presented by Tottingham (14, p. 177-182, 192). 

Variations in the proportions of the four salts, as here employed, by incre- 
ments of one-tenth of the total osmotic concentration yield a series of 84 solu- 
tions. Six such series, therefore, comprise 504 solutions. It was found im- 
practicable to conduct so large a number of cultures during the same time 
period. In Ihe present work, therefore, the number of solutions employed 
was reduced to 20 in each series. These were selected to correspond to 20 
representative solutions from the Tottingham (14) series of 84 solutions As 
is well known, the scheme adopted by Tottingham to represent diagram- 
matically the relative composition of the solutions of his 4-salt series, makes 
use of six triangles (Ti, T 2 , Ta, etc.) and a point (T7). The rows of each tri- 
angle are numbered from the base to the apex (Ri, R 2 , R 3 etc.) and the solu- 
tions or cultures in each row are numbered from left to right (Ci, C 2 , C 3 , etc.), 
A detailed description of this arrangement is presented by Tottingham (14, 
p. 192-195) and need not be repeated here. The twenty cultures of the 
Tottingham series corresponding to those of each series here employed, were 
selected in the following manner. From the Tottingham diagrammatic 
scheme the three triangles T 2 , T4, and Te were omitted, leaving the three tri- 
angles Ti, Tg, and Tb and the point T7. By omitting from these remaining 
three triangles every other row, starting with the second row from the base of 
each triangle, and by further omitting every other solution from the remaining 
rows, starting with the second solution in each row, a total of twenty, out <rf 
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the entire series of 84 solutions, remain. These twenty solutions are uniformly 
distributed throughout the series. 

The first column of table 2 presents the solution numbers as they occur in 
the Tottingham series. It will be observed that the triangles, rows, and cul- 
tures represented by even numbers are omitted while all those represented 
by odd numbers are retained and appear in the table. The table gives the 
partial volume-molecular concentration of each solution of the five series. 
In the last three columns are given the partial volume-molecular coijcentra- 

TABLE 2 

Partial volume-molecular concentrations of five moftobasic phosphates each employed with KH2PO4 
Ca(NOs)2 CLnd MgS04 to form five series of culture solutions with 
total osmotic concentrations of 2.5 atmospheres 


PARTIAL CONCENTRATIONS, VOLUME-MOLECULAR ^ 


SOLUTION 

NUMBER 

Series I 
NaHsPOi 

0 

p 

Series III 
KHtPOi 

s 

Asaiias 

Component salts of each solution, 
series 1 to V 

KH2PO4 

Ca(NOi)2 

MgS04 

TiRiCi 

0.0050 

0.0051 

0.0052 


0.0038 


0.0036 

0.0406 

c. 


0.0051 

0.0052 


0.0038 


0.0108 

0.0290 

c# 


EESSI 

mm 


0.0038 


0.0180 

0.0174 

C7 

0.0050 

EBl 

m 


0.0038 


0.0252 

0.0058 

RaCi 

0.0050 

0.0051 

0 0052 

0.0036 

0.0038 


0.0036 

0.0290 

c, 

0.0050 

0.0051 

0.0052 

0.0036 

0.0038 

0.0156 

0.0108 

0.0174 

Cs 

0.0050 

m 


0.0036 

0.0038 

0.0156 


0.0058 

R5C1 

0.0050 

EBl 


0.0036 

0.0038 


0.0036 

0.0174 

c, 

0.0050 

EBl 



0.0038 


0.0108 

0.0058 

R7C1 

0.0050 

0.0051 



0.0038 


0.0036 

0.0058 

1 

TjRiCs 

0.0150 

0.0153 

0 0156 


0.0114 


0.0d36 

0.0290 

c, 

0.0150 

0.0153 

0.0156 


0.0114 

EH 

0.0108 

0.0174 

c, 

0 0150 

0.0153 



0.0114 

m 

0.0180 

0.0058 

R.C. 

0.0150 

0.0153 



0.0114 

0.0156 

0.0036 

0.0174 

c, 

0.0150 

0.0153 

0.0156 


0.0114 



0.0058 

R*Ci 



0.0156 


0 0114 


0.0036 

0.0058 

TOiiC, 





0.0190 


0.0036 

0.0174 

c, 

0.0250 


0.0260 



EH 


0.0058 

R.Ci 

0.0250 


0.0260 




0.0036 

0.0058 

T,R,Ci 






■ 


0.0058 


tions of the three salts KH2PO4, Ca(N03)2 and MgS04, as they were employed 
with each of the five phosphate salts to form the five different series. Thus, 
the four salts employed in series I were present in the various solutions in the 
4 partial volume-molecular concentrations as given in the second column for 
NaH2l?04, and in the last three columns for KH2PO4, Ca(N03)2 and MgS04, 
respectively. In the same manner are given successively the partial volume- 
molecular concentrations of the solutions of series II, III, IV and V. 
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It will be observed that the solutions of series III contain only the three 
salts, KH2PO4, Ca(N08)2 and MgS 04 , but the partial osmotic concentration 
due to the KH2PO4 in each solution of this series is the same as that sup- 
plied by the total phosphates in the corresponding solutions of the other four 
series. The solutions of series III, therefore, will be treated throughout the 
study as though they were 4-salt solutions. 

Table 3 gives the partial volume-molecular concentrations of the solutions 
of the 3-salt series. It is to be noted that while the relative proportions of the 
salts in each solution represented in this table are the same as are those of 

TABLE 3 


Partial volume-molecular concentrations of KHaPO^, Ca(NO«)j, and MgS 04 in culture solutions 
having total osmotic concentration of 2J atmospheres (3-salt series) 


SOLUTION NUMBER 

PARTIAL CONCENTRATIONS, VOLUME-MOLECULAR 

KH3PO4 

Ca(NO»)8 

MgS04 

TiRiCi 

0 0058 

0.0040 

0.0451 

c, 

0.0058 

0.0120 

0.0322 

c. 

0 . 00 S 8 

0.0200 

0.0193 

c, 

0.0058 

0.0280 

0.0064 

R.Ci 

0.0173 

0.0040 

0.0322 

c, 

0.0173 

0.0120 

0.0193 

Cb 

0.0173 

0.0200 

0.0064 

R.C, 

0.0289 

0.0400 

0.0193 

c, 

0.0289 

0.0120 

0.0064 

RtC, 

0 0404 

0.0040 

0.0064 

T,R,C, 

0.0074 

0.0051 

0.0414 

c, 

0.0074 

0.0154 

0.0248 

c. 

0.0074 

0.0257 

0.0083 

R«Ci 

0.0223 

0.0051 

0.0248 

c* 

0.0223 

0.0154 

0.0083 

R.C, 

0.0371 

0.0051 

0.0083 

TOliCi 

0.0104 

0.0072 

0.0348 

c, 

- 0.0104 

0.0216 

0.0116 

R.C, 

0.0312 

0.0072 

0.0116 

T,RiC, 

0.0173 

0.0120 

0.0193 


the same three salts [KH2PO4, Ca(N 03)2 and MgS04] in the corresponding 
solutions of table 2, the partial volume-molecular and partial osmotic concen- 
trations are not the same, since the total osmotic concentration (2.5 atm.), 
which is the same for the solution of all the series, is made up of three salts in 
the solutions of this one series, and of four salts in the solutions of each of the 
other five series, except series III. 

In preparing the individual culture solutions, the required amount of stock 
solution of the phosphate salt to be employed was drawn from a burette into 
a SOO-cc, volumetric flask partially filled with water. To this was added in a 







94 


JOHN W, SmVB 


similar manner the required amounts of the stock solution of mono-potassium 
phosphate, calcium nitrate, and magnesium sulfate, in the order given. The 
flask was then filled to volume with distilled water. 

J. The soil cvllures 

The soil employed throughout this work consisted of a mixture of white 
quartz sand and a rich sandy loam. The latter was obtained from the experi- 
ment grounds of the botanical department of the New Jersey Agricultural Ex^ 
periment Station. The soil and sand were air-dried separately, after which 
they were sifted through a wire screen of 2-mm. mesh, and a suflSdent 
quantity of each was stored for use during the work. Equal parts by volume 
of the air-dry soil and sand, measured without any tapping or packing, were 
placed in a rectangular galvanized sheet-iron pan, 110 x 65 x 20 cm., and were 
thoroughly mixed. A sufficient quantity of this mixture was prepared at one 
time to pro^de for all the cultures to be conducted during the same time period. 
This procedure secured an approximately uniform soil medium for all the 
cultures and yielded a soil possessing a water-holding capacity of 28.2 per 
cent (average of several determinations) of its dry weight, determined according 
to the method of Hilgard (5). 

The containers employed for the soil cultures consisted of stone- ware jars, 
glazed inside and outside, each with a capacity of 4 liters, and with an inside 
diameter of approximately 16 cm. 

Each soil culture was prepared separately. Four kilograms of the air-dry 
soil-sand mixture was placed in a mixing pan of galvanized sheet iron. To the 
dry soil was now added 500 cc. of solution which was then thoroughly mixed 
with the soil, after which the preparation was placed in a container and thd 
whole weighed to the nearest gram. 

The addition of 500 cc, of solution to each 4 kgm. of air-dry soil produced a 
soil moisture content approximately 12.5 per cent of the weight of air-dry 
soil, or 44.3 per cent of the water-holding capacity of the soil. 

The soybeans used were of the ‘‘ Wilson^' variety. The seed was obtained 
from the New Jersey Agricultural Experiment Station, having been raised 
on the experimental grounds of the .botanical department of the station. 
Seeds selected for uniformity of size were germinated in moist sand contained 
in galvanized sheet-iron pans. The pans stood in the experiment greenhouse 
until the seedlings were about 4 cm. tall. Vigorous seedlings, nearly equal in 
size, were selected, carefully removed from the moist sand, and transplanted 
to the pots containing the soil cultures previously" prepared. Five seedlings 
were thus tran^lanted to each pot. 

To prevent loss of water by evaporation during the growth period, each pot 
was sealed by pouring over the surface of the soil around the seedlings, melted 
parafiin^ wax prepared according to the formula of Briggs (2) and Shantz. The 
melting point of the wax used was about 40®C. For the purpose of watering 
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the plants, a paper fiianel, partially buried in the soil in the inverted position^ 
was placed in each pot. The fuimel extended about one-fourth the distance 
to the bottom of the pot, its upper end projecting through the wax seal at 
the soil surface. These funnels, approximately 8 cm. long, with openings of S 
cm. and 1.5 cm. in diameter, were made of heavy wrapping paper and were 
then thoroughly saturated with melted paraffine to render them impervious 
to moisture. The upper opening of each funnel was kept tightly closed with a 
paraffined cork stopper, except for a short period at the time of each watering. 
Each culture was weighed immediately preceding and directly following the 
placing of the funnel and the application of the wax seal. The difference in 
weight was added to the original weight of the container. 

The plants were watered every second day during the early stages of growth, 
and every day during the later stages. At each watering the cultures were 
weighed and a sufficient amount of distilled water was poured through the 
funnel of each culture to restore it to its original weight. 

At the end of the growing period the plants were cut just above the wax 
seal. The tops from each culture were placed in a weighing bottle and dried 
to constant weight at a temperature of about 103°C., and the dry weight 
obtained. 

4, The water cultures 

The solutions which were employed in the preparation of the soil cultures 
above described, were used also in experiments with water cultures. The so- 
lutions were prepared according to the formulae given in tables -2 and 3, and 
were used without alteration, except that to each solution was added a trace 
of iron in the form of ferric phosphate. 

The containers employed consisted of pint “Mason” jars which had previ- 
ously been thoroughly cleaned with bichromate-sulfuric acid cleaning solution 
and rinsed with distilled water. With each culture 500 cc. of solution were 
employed. The soybeans used were of the same variety and were obtained 
from the same lot as were those used in connection with the soil cultures. 
The seeds were germinated in moist sphagnum. Selected seedlings about 5 
cm. tall were mounted in thoroughly paraffined flat cork stoppers in a manner 
similar to that described by Tottingham (14, p. 173-175). The stoppers were 
then placed in the culture jars. Each culture comprised three plants To ex- 
clude the light from the roots of the plants, the culture jars were covered with 
cylindrical paper shells which were black on the inside and nearly white on 
the outside. These shells were prepared in a manner similar to that described 
by the writer (12, p. 344). The solutions were renewed every four or five days. 

At the end of the growth period the tops were severed from the roots just 
at the lower surface of the cork stoppers. The tops were then dried and the 
dry weights obtained in the same way as were the yields from the soil cultures. 

During the periods of growth the general character of the development of 
the tops in the soil cultures, as well as of the tops and roots in the water cul- 
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tures, was noted. The characteristics of the injury sustained by the plants 
of the various culture groups were studied, and the injured plants were com- 
pared from time to time with others of the same group and also with the 
injured plants of the other groups. 

EXPERIMENTAL RESULTS 
/. Introductory 

In the following sections are presented the results of three distinct experi- 
ments, each experiment consisting of two series of cultures, of which the second 
series is a repetition of the first. For the sake of convenience, the two series 
of each experiment will be designated series A and series B throughout. A 
comparison will be given of the physiological effects upon the growth of soy- 
beans, produced by the various cultures (of each series) containing the soluble 
phosphate salts: (a) when these salts were added singly to soil cultures; (b) 
when added to soil cultures in nutrient mixtures, and (c) when employed in 
nutrient solutions as water cultures. The responses of the plants to the media 
in which they grew will be studied with reference to the total yields of dry 
tops, and especially with respect to the toxic influences of the various salts 
resulting in any unusual pathological conditions, as these might be detected by 
general observation. 

II, Experiment I, Monobasic phosphate salts singly in soil crdtures 

' In this experiment five groups of cultures were employed, the five groups 
corresponding to the five different salts, NaH2P04, (NH4)H2P04, KH2PO4, 
CaH4(P04)2, and MgH4{P04)2. Each group comprised 11 cultures, as pre- 
viously described, including one check culture which received no salt. The 
substratum in which the plants grew was prepared by thoroughly mixing 500 
cc. of pure solution of the salt in question with 4 kg. of air-dry soil-^and mix- 
ture. The total amount of salt received by each of these cultures was in- 
cluded in this initial application of 500 cc. of solution. The approximate os- 
motic values (atm.) of the ten solutions of each series added to the soil cul- 
tures, their volume-molecular concentrations, and the weight of the salt in 
each culture expressed in per cent of the weight of the air-dry soil are given 
in table 1. Series A of this experiment was conducted from August 25 to Oc- 
tober 4, 1916; series B was carried out between February 24 and April 5, 
1917. 

i. Dry weights. The numerical data of the yields of soybean tops from the 
culture of these two series are presented in table 4. The table gives the dry 
weights of tops for each of the five groups of cultures of series A and of series 
B. The dry-weight yield for each culture represents the average for six 
plants. The fifst column of the table gives the approximate osmotic concen- 
tration values of the solutions applied to the cultures. Then follow five sec- 
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tions with three columns in each section, referring to the dry weights of tops, 
each section giving the data for a single group. The first two columns in each 
section present the data for series A and B, respectively, and the third column 
in each section gives the value obtained by averaging the corresponding data 
from series A and B. Each of these averages thus represents the data of 
the two series combined. Each of the dry-weight values is expressed in terms 
of the corresponding value of the check culture considered as unity, but the 
actual dry weight of this culture is given in parenthesis in grams, so that 
the actual weight for any culture may be obtained by multiplying its relative 
weight by the actual weight of the check culture. The actual average values 
of the check cultures for series A and B, as given in the first two columns of 

TABLE 4 


RelaHve dry weights of soybean tops grown 40 days in soil cu lures prepared with pure solutions 
of monobasic phosphate salts of various concentrations: Series conducted from 
August 25 to October 4, 1916; Series B,from February 24 to April 5, 1917 


OSMOTIC 

concentration 

GROUP I 
(NaHjP04) 

GROUP IX 
(NH4HtP04) 

GROUP m 

(KH 2 P 04 ) 

GROUP IV 

[CaH4(PO«)tl 

GROUP V 

IMgH4(P04)*l 

< 

1 

n 

2 

1 


< 

.s 

1 

Series B 

Average 

Seiles A 

Series B 

Average 

Series A 

Series B 

Average 

< 

.§ 

Series B 

Average 

atm . 

0.0 









1.00 








5 91 

7.57 

6.74 

5.91 

7.57 

6.74 

5.91 

7.57 

6.74 

5.91 

7.57 

6.74 

5.91 

7.57 

6.74 

0.5 

0 71 

mm 

0.86 

0.87 

0 73 



0.93 

0.94 




0.73 

0.96 

0.85 

1.0 

0.59 

0.95 

0.77 

0.85 

0.68 

0.76 

0.85 

0.87 

0.86 


0.78 

0.80 


0.95 

0.83 

1.5 

0.46 

0.91 

0.69 

0.73 



0 78 

0.80 

0.79 

0.35 


rmM 

0.65 

0.73 

0.69 

2 0 

0.31 

Lima 

0.55 


1 


0.76 

0.77 

0 77 

0.31 

0.58 

0.45 

0.64 

0.53 

0.59 

2.5 

0.26 

0 62 

0.44 

0 32 



0.75 

0.58 

0 67 

BiEi] 

0.54 

EES 

0.48 

0.45 

0.47 

3.0 

0.25 

0.48 

0.37 

0.27 

ml 


0.57 

0.49 

0.53 

0.27 


m 

0.48 

0.37 

0.43 

3.5 

0.25 

0.42 

0 34 

0.22 


uR 

0.57 

0.43 



V! 

0.33 

0.3g 

0.35 

0.36 

4.0 

0.23 

m 

0.28 

0.18 



0.54 

0.36 

0.45 


ml 


0.32 

0.34 

0.33 

5.0 

0.19 

m 

0.23 

0.16 

0.18 

mr 

0.43 

0.36 

0,40 


m: 

rmtil 

0.28 

0.34 

0.31 

7.0 

0.13 

0.24 

0 49 

0.15 


ll 

0.36 

0.35 

0.36 


Jsh 

0.16 

0.14 

0.23 

0.19 


each section in the table, were obtained by averaging the yield values of the 
check cultures from the five groups. 

The average relative dry-weight values of each group form a somewhat 
uniformly decreasing series of numbers. These were plotted to form the 
graphs of figure 1. Here the ordinates represent the relative dry-weight 
values, while the abscissas represent the approximate osmotic concentration 
values (atmospheres) of the single-salt solutions added to the cultures of each 
group. Since the osmotic concentrations of the solutions added to corre- 
sponding cultures of the five groups were approximately the same, the average 
dry weight values for the five groups were plotted with the same abscissas. 
The average relative yield from the check cultures is here represented graph- 
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ically by a horizontal broken line and the actual value in grams is given at 
the right. 

The relative degrees of injury sustained by the plants of the various cul- 
tures of each group are graphically represented in figure 1 by the broad vertical 
lines just below the graph representing the yields of the group in question. The 
shortest vertical line represents slight injury, vertical lines of medium length 
indicate pronounced injury, while the longest lines denote severe injury. 
The relative terms, slighly pronouncedy and seoerCy will be defined later in con- 
nection with the description of the injury produced by the salts. 

From the graphs of figure 1 and from the data of table 4, it is at once clear 
that the growth of soybean tops was very unfavorably influenced by each of 
the monobasic phosphate salts applied singly to the soil in which the plants 
were rooted. Each of the graphs slopes uniformly downward to the right, 
denoting a decrease in the yield of dry tops with each increase in the applica- 
tion of the salt. 

As indicated by these graphs, the average yield from the check cultures was 
considerably higher than that of the highest average yield from any culture 
of the five groups here employed. Relative to the average yield from the 
check cultures considered as 1.00, the highest average yield from each of the 
five series is as follows: series I [NaH2P04], 0.86; series II [(NH4)H2P04], 0.80; 
series III [KH2PO4], 0.94; series IV [CaH4(P04)2], 0.81; series V [MgH4(P04)2], 
0.8S. The lowest average yields from the five series, taken in the same order 
as given above are: 0.19, 0.15, 0.36, 0.16, and 0.19. Group III here shows 
the highest average relative dry-weight values throughout the entire series. 
The average yields from corresponding cultures of group I and group V are 
nearly equal and are considerably lower in value than are the average dry 
weights from corresponding cultures of group III, showing the highest average 
yields, while group II shows the lowest average yields. It is thus clear that 
mono-potassium phosphate, aside from any specific injury to the plants, has 
the least\infavorable influence upon the growth of soybean tops, while mono- 
ammonium phosphate is the most unfavorable of the five salts, as these were 
here employed. 

2. Injury. As was to be expected, the growth of the plants in those cul- 
tures of each group to which were applied solutions having concentrations 
with osmotic values between 2.5 and 7.0 atmospheres, was soon visibly re- 
tarded. This retardation in growth was followed by specific injury to the 
plants, appearing first in the cotyledons in the form of dark brown discol- 
orations around the margins. In severe injury the discoloration spread rapidly 
over the whole smrface of the cotyledons, and this was followed soon after by 
death and falling of the organs. The injury next appeared on the foliage 
leaves. Usually an interval of several days elapsed between the time when the 
injury first became apparent on the cotyledons and the time of its appearance 
on the foliage leaves. Injury to the leaves appeared first on or near the mar- 
gins, in thje form of small, yellowish, round spots, which rapidly assumed the 
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characteristic dark brown coloration. In cases of severe injury the affected 
portions of the leaves gradually increased in size until the injury had spread 
to the entire leaf surface. This kind of injury was invariably followed by 
death and falling of the leaves affected. The injury spread, in severe cases, 
to include all the leaves of the plant. In the later stages of growth, the stems 
also were affected. This occurred frequently when the leaves of the affected 
plant were only slightly injured. Injury to the stem appeared in the form of 
oblong brown spots which gradually increased in size, with shrinking of 
the tissues. 

The cultures of each group may be divided according to the degrees of 
injury sustained, into four classes: (a) those without specific injury; (b) those 
which exhibited slight injury, not sufficiently severe to cause falling of the 
leaves affected; (c) those which sustained pronounced injury, severe enough to 
cause the leaves to fall but not sufficiently severe to cause the death of the 
plants before the end of the growth period; (d) those which sustained severe 
injury resulting in the death of the plants before the end of the growth period. 
As previously stated, the relative degrees of injury are graphically repre* 
sented in figure 1 by broad vertical lines just below the graph representing 
the dry-weight yields of the series in question. 

A comparison of the diagrams representing the relative degrees of injury 
sustained by the cultures of the various groups, brings out the fact that the 
total injury exhibited by group III [KH2PO4] was less than that sustained by 
any of the other groups. This group showed four cultures with pronounced 
injury and three with slight, leaving three uninjured cultures. Group IV 
[CaH4(P04)2], on the other hand, exhibited the greatest total injury of any 
group. As indicated by the diagram, five cultures in this group were killed 
before the end of the growth period, three sustained pronounced injury, and 
one exhibited slight injury, leaving only one uninjured culture in the entire 
group. Each of the remaining three groups (I, II and V) possessed two cul- 
tures which remained uninjured throughout the entire period. Groups I 
and IV each possessed five cultures which sustained severe injury resulting 
in the death of the cultures, and these were corresponding cultures of the two 
groups. 

From these considerations it is clear that the salt KH2PO4, (group III), as 
here used, is less pronounced in its capacity to produce specific injury to soy- 
bean tops than are any of the other salts here employed. Mono-calcium phos- 
phate (group ly), on the other hand, shows a more pronounced harmful influ- 
ence with respect to the injury observed, than do any of the other salts. 

A careful comparison of the injured plants showed that the nature of the 
injury sustained by the cultures of the various ^groups was identical. The 
only apparent differences, apart from size, between the plants from the cul- 
tures of the different groups were the degrees of the injury sustained. It is to 
be concluded, ther^ore, that the injury to the plants resulting from the pres- 
ence of the phosphate salts, as these were here employed singly, was due to 
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some property common to all the solutions used. The injury cannot be the 
result of mere physical concentration, since it occurred in plants of those cul- 
tures to which were applied solutions having concentriations with no greater 
osmotic values thaa from 1 to 2,5 atmospheres: concentrations which have 
repeatedly been shown to be not above the optimum for good plant growth. 
Moreover, the concentrations of these solutions cannot be supposed to remain 
unchanged upon being introduced into the soil, since the phosphates when 
applied to the soil in soluble forms are undoubtedly, to a large extent at least, 
eventually precipitated in combination with various bases existing in the soil. 
That the injury is accentuated by excessive concentration, is clearly evident 
from the graphs of figure 1. 

It thus appears that the specific injury here observed can not be attributed 
to the influence of the cations, for it is scarcely to be supposed that each of the 
five ions, Na, NH4, K, Ca and Mg, could affect the plants alike in this respect. 
The injury, therefore, must be related to the common atomic group H 2 PO 4 , 
or to the ions resulting from the partial dissociation of this group in the soil 
solution. This conclusion is in harmony with that of Harris (4) who found 
that to the anion more than to the cation, is to be attributed the toxic effects 
of the alkali salts in the soil. That the H-ion concentration of these mono- 
basic phosphates singly in solutions is comparatively high, is of course, well 
understood, and the injury here observed is undoubtedly related to the H-ion 
concentration in the soil solution. 

IIL Experiment II. Monobasic phosphate salts in soil cultures with complete 

nutrient mixtures 

I 

In this experiment six groups of cultures were employed, corresponding to 
the six series of mixed solutions whose formulas are presented in tables 2 and 
3. The tables give the approximate partial volume-molecular concentrations 
of the solutions as these were here used. Each solution of the six series had 
a total osmotic concentration value of approximately 2.5 atmospheres. As 
described in a former section, the soil cultures of each group were prepared by 
mixing separately 500 cc. of each solutioA of the series in question with 4 kgm. 
of air-dry soil. The total amount of salts added to each culture was included 
in this initial application of 500 cc. of the mixed solution. Each group com- 
prised 21 cultures, including one check culture, which was prepared in the 
same way as were the other cultures, except that the dry soil received an ini- 
tial application of 500 cc. of distilled water instead of solution. 

During the growth period the cultures stood in parallel rows (20 cultures in 
a row) on central tables in the experimental greenhouse, and were frequently 
shifted in their positions according to a definite plan. Scries A of this experi- 
ment was conducted from November 5 to December 5, 1916. Series B was 
exactly like series" A, but was carried out between January 10 and February 9, 
1917. 
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L Dry weights. The numerical data of the yields of tops are presented 
in table S. The table comprises six sections, each of which refers to the data 
of a single group. The first two columns in each of the six sections give the 
dry weights of tops relative to the average dry weight of the six check cultures 
for series A and B, respectively. The third column of each section gives the 
average dry-weight yield for series A and series B together. The average ab- 
solute dry weights of the check cultures for series A and B are given in paren- 
thesis. The culture numbers given in the first column of the table refer to 
the positions occupied in the Tottingham series by the solutions employed in 
the preparation of the soil cultures. 

To bring out the relation between the salt proportions and the relative dry 
yields of tops of the various groups, the data of table S are graphically repre- 
sented in figure 2. To prepare these graphs, the average relative dry weights 
of tops of the 3-salt group were first arranged in the order of their magnitudes, 
beginning with the highest, to form a somewhat uniformly decreasing series of 
numbers. The relative )delds of each of the other five groups were then ar- 
ranged in the same order, after which they were plotted to form the five graphs 
of figure 2, shown as the irregular dotted lines. The abscissas were here arbi- 
trarily chosen to represent the cultures, the numbers of which, being the same 
for corresponding cultures of each of the five groups, are placed below. The 
ordinates represent the average relative dry-weight values. The average rela- 
tive yield from the check culture is represented by a horizontal broken line, 
and the actual average value in grams is given at the right. As in figure 1, 
the broad vertical lines just below each set of graphs indicate the relative degrees 
of injury sustained by the plants of the cultures indicated. The numbers at 
the top indicate the number of tenths of the total osmotic concentration due 
to the total phosphates in the solutions whose numbers are given below. 

In order to bring out more clearly the effect upon the growth of soybean 
tops of an additional application of the monobasic phosphate salts to soil 
cultures containing a complete fertilizer, the graph representing the average 
relative dry weights of tops of the 3-salt group, arranged in the descending 
order of their values, was superimposed upon each of the other graphs, using 
the same scale of ordinates. This gfaph ediibits a uniformly downward slope 
to the right, as was previously arranged. 

Each graph of figure 2 has a decided tendency to slope downward to the 
right, but the graph of each group except group V crosses the graph of the 3- 
salt group at various points, but chiefly in its lower portions, thus indicating 
that many of the poorer 3-salt proportions were improved for the growth of 
soybean tops by the presence of the additional monobasic phosphate salt. 
The best set of salt proportions of the 3-salt group, however, was decreased in 
productiveness by the presence of each one of the phosphate salts except mono- 
calcium phosphate (group IV). The maximum average yield of group IV 
slightly exceeds that of the 3-salt group, the former having a value of 1.63 as 
cmnpared with the average yield of the check cultures, while the latter has a 



TABLE 5 

RdaUve dry weights of soybean tops grown thirty days in soil cultures prepared with mixed solutions having total osmotic concentration values of 
approximately 2J atmospheres. Series A, conducted from November 5 to December 5, 1916; Series B, from January 10 to Fdtruary 9, 1917 


1 

1 

I 

TOXICITY OF PHOSPHATES TOWARD SOYBEANS 103 

l« 

1.00 

2.76 

1.09 
1.08 
0.96 
0.91 

1.37 

1.10 

1.00 

1.11 

1.08 

1.16 

1.13 

1.08 

0.99 

1.21 

1.06 

1.04 

1.19 

0.92 

0.85 

0.80 
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A 
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Average 

1.00 

2.442 

1.22 

1.11 

1.05 
0.72 

1.39 

1.14 

0.86 

1.08 

1.06 

1.24 

1.21 

0.96 

0.96 

1.09 
1.14 
1.00 

1.10 
1.00 
0.88 

0. B 2 

Series 

B 



1.00 

2.12 

1.33 

1.17 

1.25 

0.60 

1.68 

1.25 

0.80 

1.14 
1.16 
1.43 

1.37 

0.98 

1.01 

1.17 

1.25 

1.00 

1.15 
1.06 
0.88 

0.80 

GROUP IV 

Average 

1.00 

2.442 

1.40 

1.44 

1.44 

1.21 

1.63 

1.44 

1.39 

1.37 

1.34 

1.12 

1.42 

1.24 

1.17 

1.26 

1.19 

0.98 

0.88 

1.02 

0.94 

0.69 

Series 

B 

1.00 

2.76 

1.18 

1.21 

1.07 

0.79 

1.27 

1.15 

1.06 

1.31 

1.18 

1.21 

1.17 

1.04 

0.87 

1.17 

1.09 

0.85 

0.88 

0.88 

0.95 

0.44 

Series 

A 

1.00 

2.12 

1.61 

1.67 

1.81 

1.63 

1.99 

1.72 

1.72 

1 43 
1.50 
1.03 

1.67 

1.44 

1.47 

1.34 

1.29 

1.10 

0.87 

1.16 

0.93 

0.94 
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Average 

1.00 

2.442 

1.21 

1.11 

1.13 

1.17 

1.49 

1.21 

1.02 

1.07 

1.17 
1.13 

1.30 
1.04 
0.93 
1.16 

1.31 

1.18 

1.24 

1.04 

1.32 

1.15 

Series 

B 

1.00 

2.76 

1.10 

1.01 

0.93 

0.94 

1.30 

1.03 
0.95 
1.01 
0.93 
1.01 

1.17 

1.13 

0 92 

1.18 

1.14 
1.05 

1.11 

1.00 

1.18 

1.04 


1.00 

2.12 

1.32 

1.20 

1.32 

1.40 
1.68 
1.39 
1.08 
1.13 

1.41 
1.24 

1.43 
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1.31 
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1.45 
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1.41 

1.47 

1.10 

1 30 

1.33 
1.32 
1.27 

1.34 
1.22 
1.36 

1.01 
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B 

1.00 

2.76 

1.21 

1.07 

1.20 

1.97 

1.35 

1.30 

1.17 
1.20 

1.18 
1.34 

1.18 
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1.11 
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0.97 
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A 
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1.17 

1.41 
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1.09 
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1.18 
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1.04 
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1.00 
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1.36 

1.38 

1.28 

1.36 
1.54 
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0.93 
1.36 
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1.24 
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1.32 

1.16 

1.38 

1 27 
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1.20 
1.15 

1.04 
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A 
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1.19 
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1.24 
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1.49 
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1.16 
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corresponding value of 1.61. It will be observed that the graph representing 
3 de]ds for group V lies below the graph of the 3-salt group throughout its en- 
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, tire length. It is thus dear that each set of salt proportions of the 3-salt 
group is decreased in productiveness by the presence of mono-magnesium 
phospWe. 
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The graph representing the average shield from the 3-salt group shows dearly 
enough that the soil here employed was improved for the growth of soybeans 
by the application of all but three of the various sets of salt proportions of the 
three salts, KH 2 PO 4 , CaCNOs)] and MgS 04 , in solutions having total osmotic 
concentration values of 2.5 atmospheres, when the applications of the solu- 
tions were made to yield a soil moisture content of 12.5 per cent on the basis 
of the' weight of the air-dry soil (500 cc. of solution to each 4 kgm. of soil). 
The maximum average yield of the 3-salt group was obtained from culture 
TiRaCi. The yield from this culture showed an improvement of 61 per cent 
over that of the average yield from the check cultures, while the minimum av- 
erage yield, obtained from culture TsRiCb, was 3 per cent below the average 
yield from the checks. The salt proportions of the solutions added to these 
two cultures are: KH 2 PO 4 , 0.0173 m.; Ca(N08)2, 0.0040 m.; MgS 04 , 0.0322 
m., for the former, and KH 2 PO 4 , 0.0074 m.; Ca(N 08 ) 2 , 0.0257 m.; MgS 04 , 
0.0083 m., for the latter. With other total concentrations of the solutions 
than the one here employed, it may be expected that the salt proportions re- 
quired to produce maximum growth would be different from the ones here 
noted, since it has been pointed out by several authors (3, 14, 12, 8, 9, 1) that 
physiological balance of salt proportions in nutrient media is markedly de- 
pendent upon total concentration. It is thus clear that many degrees of bene- 
ficial effects and some injurious ones upon the growth of soybeans may be 
obtained by the application of various proportions of the three salts, when the 
total quantities of the three salts in solution applied to each soil culture, have 
approximately equal osmotic values. This emphasizes the importance of 
considering, not only salt proportions, but also total quantities applied (con- 
centration), in the use of fertilizer salts in agricultural practice. 

The graphs representing the yields of group I (NaH 2 P 04 ) and group II 
{(NH 4 )H 2 P 04 ] show that all the average yields from the cultures of these 
groups were above the average yield from the check cultures, while groups 
III, IV, and V show one, four, and five cultures, respectively, which produced 
lower average yields than did the checks. As is thus clearly indicated, the 
soil employed in these cultures was improved for the growth of soybean tops 
by each set of salt proportions of groups I and II, and by all but one set of 
salt proportions of group III, while four sets of salt proportions of group IV, 
and five sets of group V, reduced the productiveness of this medium. 

Further inspection of the graphs of figure 2 and also of the data of table 5 
brings out the fact that in each of the five groups the highest average yield 
occurred with culture TiRsCi, which corresponds also with the culture of the 
3-salt group producing the highest yield. The maximum average yields for 
these five groups, relative to the average yields from the check cultures, are 
as follows: group I, 1,60; group II, 1.51; group III, 1.49; group IV, 1.63; 
group V, 1.39. The maximum yield from the 3-salt group has a correspond- 
ing value of 1.61, which is slightly surpassed only by the maximum average 
yield from group IV, having a value of 1.63* 
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2, Injury. The cultures of the 3-salt group suffered no specific injury, 
but remained in an apparently healthy and vigorous condition throughout the 
entire growth period. The cultures of the other five groups gave no evidence 
of disturbed growth during the first two weeks after the young plants had 
been placed in the soil cultures containing the monobasic phosphates in addi- 
tion to the complete nutrient mixture. The plants showed differences in size, 
but no unusual phenomena occurred during this time. During the third week 
however, evidences of disturbed growth began to appear in the plants of several 
cultures of each group. The cotyledons were the parts first to be injured. The 
injury appeared in the form of dark brown discolorations around the margins 
of these organs. Later it appeared on the foliage leaves and in a few cases, on 
the stems of the plants also. In no culture, however, was the injury sufficient- 
ly severe to cause the death of the plants before the end of the growth period. 

Careful comparisons revealed no differences between the characteristics of 
the injury sustained by the plants of the various groups. The injured cul- 
tures of these five groups were also compared with those of the preceding ex- 
periment, where the media in which the plants were rooted contained the 
monobasic phosphates singly. Aside from the varying degrees of injury, this 
comparison showed no apparent differences in the nature of the injury sus- 
tained by the cultures of the two experiments. It appears, therefore, that 
the nature of the toxin producing the specific injury here observed is the 
same, not only in the cultures of the groups employing the different mono- 
basic phosphates singly, but also in those containing these phosphates in com- 
bination with the complete nutrient mixtures. 

The injured cultures and the degrees of injury sustained are indicated in 
figure 2 by short, broad, vertical lines just below the graphs representing the 
relative yields, in a manner similar to that employed in figure 1 Vertical 
lines of two lengths only are employed in figure 2, since, as above stated, no 
severe injury was observed in the cultures of this experiment. The shorter 
vertical lines indicate slight injury, and the longer ones denote pronounced 
injury. As previously stated, the numbers at the top indicate the number of 
tenths of the total osmotic concentration (2.5 atmospheres), due to the total 
phosphates in the solutions whose numbers are given below. 

The diagrams of figure 2 show that the number of injured cultures varied 
with the different groups as in the preceding experiment. The least total 
injury occurring in a single group is indicated for group III, with five cultures 
only slightly injured. The largest number of injured cultures exhibited by a 
single group occurred in group IV. This group comprised eight cultures which 
showed pronounced injury and six which were slightly injured, leaving only 
six uninjured cultures in the entire group. Groups I and V each comprised 
three cultures which showed pronounced injury and six with slight injury, 
jnaking a totaj of nine injured cultures in each group, while group II exhibited 
the saipe number of injured cultures, none of which, however, showed pro- 
nounced injury. 
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It will be observed that in every group except group IV, the injury was con- 
fined to those cultures, each of which had received an application of solution 
whose partial osmotic concentration due to the total phosphates was not less 
than six-tenths of the total concentration of the solution, while pronounced 
injury occurred only in those cultures prepared with solutions having eight- 
tenths of their total concentrations due to the phosphates. In group IV, 
slight injury was observed in four cultures (TbRiCi, TiRsCb, TsRiCs, and 
TsRiCs) having four -tenths, and two cultures (TiRsCi, and TiRsCs) having 
six-tenths of their total osmotic concentrations due to the phosphates, while 
all the remaining cultures prepared with solutions having six-tenths or eight- 
tenths of their total concentration due to the phosphates, showed pronounced 
injury. It is thus clear that the CaH4(P04)2 used in the preparation of the 
cultures of this group has a higher capacity for producing this injury when 
used in connection with a complete nutrient mixture, than have any of the 
other phosphate salts here employed. 

It is important to note that the cultures of groups II, III, and V, prepared 
with solutions having six-tenths of their total osmotic concentrations due to 
total phosphates, did not all suffer injury, nor did all the cultures prepared 
with solutions whose partial concentrations due to the phosphates were eight- 
tenths of the total osmotic co;icentration, sustain pronounced injury. Condi- 
tions similar to these prevailed also in group I, and in a more striking manner 
in group IV, where out of a total number of six cultures prepared with solu- 
tions having six-tenths of their total osmotic concentration due to the phos- 
phates, four showed pronounced injury and two showed slight injury, and out 
of a total number of six cultures prepared with solutions, four-tenths of whose 
total concentrations were made up of the phosphates, four were slightly in- 
jured and two showed no injury at all. It is thus obvious that the degree of 
the injury sustained by the cultures of this experiment was not determined 
solely by the total phosphate content of the medium in which the plants were 
grown, but was largely influenced by the relative proportions of the four 
salts. 

J. Relation of injury to yields. There appears to be no clearly definite rela- 
tion between the injury here observed and the dry weight of tops, but in a 
general way pronounced injury is coincident with relatively low yields. Slight 
injury appears to have no greater tendency to occur with low yields than with 
high yields. For example, two cultures, TsRsCa and TsRsCi, 6f group III 
each showed slight injury and gave relatively high yields of tops, while cul- 
tures TiRsCs and T3R1C3 of the same group remained uninjured but produced 
relatively low yields. In group II, the cultures TiRiCi and TsRiCa, both un- 
injured cultures, produced low yields, while the slightly injured cultures 
TiRvCi and T1R3C1 each yielded relatively high dry weights of tops. Ex- 
amples similar to these might be pointed out in each of the five groups. It is 
clear, therefore, that in the soil cultures here employed, slight injury does not 
materially interfere with the production of high yields of tops. 
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IV, ExperimefU III, Monobasic phosphaie salts in solution cuUutes with 

complete ntUrienl mixtures 

The solutions used in this experiment were the same as those used in the 
preparation of the soil cultures of the preceding experiment. The prepara- 
tion of the solution cultures, the germination of the seeds, and the general 
treatment of the plants during the growth period have been described in a 
previous section. The formulas for the solutions of the five four-salt series 
are presented in table 2, and in a similar manner the composition of the solu- 
tions of the three-salt series is given in table 3. Each group thus comprised 
20 cultures. An additional culture in Knop’s solution with the same total 
osmotic concentration (2.5 atm.) was added to each group. 

The experiment was carried out in the greenhouse with the cultures ar- 
ranged in rows (one group of cultures in each row) on tables centrally located. 
In order to expose the cultures as nearly alike as possible to the constantly 
changing environment, they were regularly shifted in their positions according 
to a definite plan. Each of the two series of cultures here considered extended 
over a time period of 24 days. Series A was conducted from January 8 to 
February 1. Series B, which was a repetition of series A was carried out be- 
tween February 7 and March 4, 1917. 

1, Dry weights of tops. The dry weight yields of tops expressed in terms of 
the average yield from Knopfs solution taken as 1.00, are presented in table 
6. The data in this table are arranged in the same manner as are those in 
table 5. The actual average yield of tops from Knop’s solution is given in 
parenthesis below the relative value (unity) in each case, so that the actual 
value of any culture may be calculated. It will be observed that the data for 
five groups only appear in the table. The data for group IV are here omitted, 
owing to the fact that the solutions containing CaH 4 (P 04)2 proved entirely 
unsuited to the growth of soybeans. The plants of most of the cultures were 
so severely injured that growth was impossible, and the plants of all the cul- 
tures except those of cultures TiRiCi, TiRiCs, TiRiCs, and T 1 R 1 C 7 , were 
killed before the end of the growth period. The cultures of this group 
were not repeated. 

As in the case of the yields from the soil cultures of the preceding experiment, 
the data of table 6 have been graphically represented and these graphs are 
presented in figure 3. In both cases the data for the 3-salt group of cultures 
were arranged in the decreasing order of their values and then plotted as ordi- 
nates, with the abscissas arbitrarily taken to represent the different cultures. 
The order of the cultures is thus not the same in figures 2 and 3. After the 
descending order of values for the 3-salt group was determined, the data 
for the 4^salt groups were plotted in this order, with the same scale of ordinates 
in each case, to form the four graphs represented by the irregular dotted lines. 
The graph representing the yields from the 3-salt group is superimposed upon 
each erf the other graphs for ready comparison. The horizontal dotted line 
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RdoHve dry weights of soybean lops grown 24 days in culture solutions ^ all wi'k total concentrations having osmotic values of approxmatdy 23 
atmosphere^. Series A, conducted from January 8 to February 1; Series B, from February 7 to March 3, 1917 
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Fio. 3- Relative Dey Weights and Injury op Soybeans Grown in Solutions 

CONTAINIKC JPhOSPHATES IN CONNECTION WITH CoiCPLETE NuTRIENT MIXTURES 
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here represents the average relative value of the yields from Knopfs solution. 
The actual average value of these yields is given in parenthesis at the right. 
As in figure 2, the degrees of injury sustained by the cultures are represented 
by the broad perpendicular lines below each graph. The numbers at the top 
represent, in each case, tenths of the total osmotic concentration due to the 
total phosphate salts in the solutions whose numbers appear below. 

Perhaps the most striking feature brought out by the graphs of figure 3 
is the fact that all but two of the yields from the cultures of group I, and a 1 
except five of the yields from group II, were markedly higher than were the 
yields from corresponding cultures of the 3 -salt group, while the yields from 
all but five cultures of group III and all except one culture of Group V were 
lower, than were the yields from corresponding cultures of the 3 -salt group. 
The marked improvement of the yields from many of the cultures of Groups I 
and II, over the yields from corresponding cultures of the 3 -salt group, may 
perhaps be explained by the fact that with the introduction of NaH2P04 into 
the solutions of group I, and NH4H2PO4 into the solutions of group II, a new 
ion was introduced into the solutions of each of these two groups: Na ions 
into the solutions of the former and NH4 ions into the solutions of the latter. 
Here, possibly, the antagonistic effects of the new ions served to improve the 
media for the growth of soybeans in the general manner suggested by Oster- 
hout ( 10 ). On the other hand, no new ions were added to the solutions of 
groups III and V with the introduction of the additional KH2PO4 into the 
solutions of the former and MgH4(P04)2 into those of the latter. The ions 
introduced into the solutions with these two salts served merely to increase 
the partial concentrations and to change the proportions of the ions given to 
the solutions by the three salts KH2PO4, Ca(N03)2 and MgS04. 

It is important to note, however, that the maximum yield from the 3-salt 
group is not equaled by the maximum yield from any of the other groups. 
The highest yield from the 3-salt group occurred with culture T 1 R 1 C 3 , having 
salt proportions as follows: KH2PO4, 0.0058 m.; Ca(NOs) 2 , 0.012 m.; and 
MgS04, 0.0323 m. The average yield from this culture had a dry-weight value 
of 1 .54, relative to the average yield from Knop's solution taken as unity. This 
culture corresponded also to the culture (T1R1C3) in group I and in group V 
producing maximum yields, while the highest yields in groups II and III oc- 
curred with cultures TsRiCi and TiRiCs, respectively. The maximum average 
yields from groups I, II, III, and V were 1.46, 1.43, 1.17 and 0.66, respec- 
tively, relative to the average yield from Knopfs solution. 

2, Injury, While only the two cultures T 1 R 7 Ci and TsRgCi of the 3-salt 
group were severely injured, the four cultures TiR^Ci, TsRsCi, TiRsCs and 
TaRsCi showed pronounced injury, and the four cultures TiRsCijTsRsCs, 
T7R1C1 and TiRsCa sustained slight injury. The total injury sustained by 
the cultures of this group, however, was less than that of any of the other 
groups. The uninjured cultures made rapid and vigorous growth. 

The interval of time which elapsed after the seedlings had been placed in 
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the solutions until the injury became apparent in the cotyledons of the seedlings, 
was very short. In two cultures (T1R7C1 and TaRsCi) of each group except 
the 3-salt group, the plants showed signs of specific injury on the second day 
after they had been placed in the solutions. All the cultures which remained 
uninjured at the end of 12 days suffered no injury at all during the remainder 
of the growth period, and some which had been only slightly injured completely 
recovered and made excellent growth. The time required for the apj)earance 
of the injury in the solution cultures here employed is thus in direct contrast 
with the time required for its appearance on the plants of the soil cultures of 
the preceding experiment, where no evidences of injury became apparent dur- 
ing the* first two weeks of the growth period. 

Careful comparisons were made between the injured cultures of the various 
groups in order to determine whether the characteristics of the injury differed 
in any respect with the cultures of the different groups, but no differences in 
the nature of the injury could be detected. Nor did comparisons of the 
plants in the water cultures of the present experiment with those of the soil 
cultures of the preceding experiments reveal any apparent difference in the 
nature of the injury to the cultures of the experiments here considered. It 
thus appears that the specific injury to the soybean plants of these experiments 
is directly related to some property which is common to the solutions employed 
in the preparation of all the cultures which show this injury. 

Turning now to the diagrams of figure 3, representing the relative degrees 
of injury of the four groups, it will be observed that the number of injured cul- 
tures varies with the different groups, the smallest number of injured cultures 
beijng indicated for group I. This group comprises seven cultures which were 
slightly injured, two which showed pronounced injury, and two which suffered 
severe injury, making a total of eleven injured cultures for the entire group, 
leaving nine cultures which remained uninjured. Group II showed four cul- 
tures which sustained slight injury, six with pronounced injury, and two 
which suffered severe injury, leaving eight uninjured cultures in the group. 
Groups III and V each exhibited sixteen injured cultures, leaving only four 
uninjured cultures in each group. Six cultures of each of these two groups 
showed slight injury, five sustained pronounced injury, while five suffered 
severe injury. The number of uninjured cultures in groups III and V is thus 
seen to be only half the number in group II, and less than half the number 
in group I. 

No injury was produced in any of the four groups by solutions whose partial 
concentration due to the total phosphate was not greater than two-tenths of 
the total concentration of the solution, although in groups III and V all tl^ie 
solutions with higher partial osmotic concentration of the phosphates pro- 
duced the injury. In both group I and group II, however, the two solutions 
TsFiCi, and Ts^liCs, with four-tenths, and solutions TsRiCi and TbRiCs, 
with six-tenths of their total concentrations due to the phosphates, produced 
no injury. 
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In the four groups of cultures here considered, it is obvious tliat not only 
do the degrees of injury sustained by the plants vary with the variations in 
the partial osmotic concentrations of the total phosphates, but also with varia- 
tions in the proportions of the four salts. This is well brought out in group I, 
where, out of a total number of six cultures with solutions having partial os- 
motic concentrations due to total phosphates, equal to six-tenths of the total 
concentrations of the solutions, two cultures showed pronounced injury, two 
sustained slight injury, and two remained uninjured; In the same group, out 
of a total number of four solutions with eight-tenths of their total osmotic 
concentrations due to the phosphates, two solutions, TsRbCi and T1R7C1, pro- 
duced severe injury, while the remaining two solutions, T7R1C1 and TsRaCi, 
produced only slight injury. Of the total number of seven solutions of this 
group which produced slight injury, two had eight-tenths, two had six-tenths, 
and three had four-tenths of their total osmotic concentrations due to the 
total phosphates in the solutions. Similar relations of injury to salt propor- 
tions and to partial osmotic concentrations due to the total phosphates in the 
solutions, are clearly indicated also in each of the groups II, III and V. This 
emphasizes the point already brought out in connection with a similar study 
of the corresponding groups of soil cultures of the preceding experiment, that 
the degree of injury sustained by the various cultures is not determined solely 
by the total phosphate content of the medium in which the plants are grown, 
but is related also to the proportions of the salts. 

3, Injury to roots. Frequent inspection of the roots of the various cultures 
during the first few days of the growth period, revealed the fact that in those 
solutions which produced pronounced and severe injury to the tops, the roots 
were checked in their development soon after being placed in the solutions, and 
showed specific injury even before disturbed growth in the tops became appar- 
ent. At the end of the first week after the seedlings had been placed in the 
solutions, the injured root systems were characterized by a general unhealthy 
appearance and by the suppression of lateral root development. Microscopi- 
cal examination at the end of a week’s growth showed the root tips of the more 
severely injured cultures^ to be dead, and some of the cells of the root tips to be 
in a state of disintegration. The roots of the cultures thus affected gradually 
turned brown in color and the roots of the two cultures TiR 7 Ci and TsRsCi 
of each group, with the roots of cultures T7R1C1, TsRiCs, and TiR^Cs from 
group III, and those of cultures T7R1C1, TiR^Cs, and T5R3C1 from group V, were 
killed before the end of the growth period. This latter condition of the roots 
was always coincident with severe injury to the tops. In a few of the cultures 
(T 7 RrCi, TsRsCi, and TsRsCi of group I, and TaRiCs of group II), which were 
characterized by slight leaf injury, the roots appeared to be especially well de- 
veloped, showing evidences of stimulated root growth, while most of the cul- 
tures thus characterized showed root development which was somewhat below 
the average. In cultures where no leaf injury at all was apparent, root de- 
velopment was excellent, but not quite so vigorous as in those cultures above 
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indicated which suffered slight injury but also gave evidence of stimulated 
root growth. 

4. Relation of injury to yields. In order to facilitate the study of the rela- 
tions between the injury here observed and the average relative yields of tops^ 
reference may be had to the graphs and diagrams of figure 3. It is to be ob- 
served lhat the lowest average yields occurred with those cultures which suf- 
fered euher pronounced or severe injury, while the highest average yields were 
obtained from the cultures which were free from injury. This relation is clearly 
definite for each group of cultures. In general it may be said that those cul- 
tures of each group which suffered slight injury produced relatively low yields, 
while medium yields were obtained from cultures without injury. 

Variations in the yield values with variations in the degrees of the injury 
sustained, were comparatively slight, since all the cultures which suffered 
severe, pronounced or slight injury produced relatively low yields. In these 
cultures, therefore, the injury appears to be the controlling factor in the pro- 
duction of low yields. This is in direct contrast to the conditions which pre- 
vailed in this regard, in the corresponding soil cultures of the preceding experi- 
ment, where some of the slightly injured cultures produced relatively high 
yields and the cultures which suffered pronounced injury gave low yields. 

That many of the cultures of group I and group II produced markedly 
higher yields (relative to the yields from the cultures of the 3-salt group) than 
did the corresponding cultures of groups III and V, has already been pointed 
out in connection with a consideration of the dry-weight values. This marked 
increase in yields was accompanied by a corresponding decrease in the injury 
sustained by the cultures, as is clearly indicated by the graphs and diagrams 
of figure 3. Here also it is possible that the antagonistic effects of the new 
ions, Na and NH4, introduced into the solutions of group I and group II with 
NaH 2 P 04 and (NH 4 )H 2 P 04 , respectively, may be responsible for the decrease 
in the injury produced as well as for the marked improvement in the yields. 

5. Relation of acidity to yield and to injury. The H-ion concentration is a 
characteristic of the culture solutions which may be expected to bear some rela- 
tion to the yields produced and to the injury sustained by the cultures. It 
has already been pointed out that the injury Sustained by the soybean plants 
is related to the atomic group H2PO4 or to the ions resulting from the partial 
dissociation of this group in the solutions. The necessary apparatus to deter- 
mine the H-ion concentration of these solutions electrometrically was not at 
hand. An attempt was made, however, to determine the acidity of the solu- 
tions whose formulas are given in tables 2 and 3, by titration methods, and to 
relate the results thus obtained to the yield of tops and to the injury sustained 
by the plants. 

In making the acidity determinations, 100 cc. of the solution to be tested 
was diluted with ISO cc. of distilled water, and was then titrated with^ NaOH, 
using as indicators alizarin and methyl orange. Several tests of all the solu- 
tions were made with each of these indicators. The results of these tests are 
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included in table 7, which gives the total acidity (gram-molecules per liter) 
as here determined, in terms of phosphoric acid. Since the tests made with 
alizarin yielded results which were in very close agreement with those ob- 
tained by the use of methyl orange as an indicator, the results of all the tests 
for each solution were averaged. The values in the table represent, therefore, 
the average results of all the tests with each solution. 

In order to bring out the relation between the acidity of the solutions and 
the yields of tops, and also the relation between acidity and injury, the graphs 
and diagrams of figure 4 were prepared. The dotted line in each set of graphs 

TABLE 7 


Acidity of culture solutions in terms of phosphoric acid 


SOLUTION NUMBER 

GRAM MOLECULES PER LITER 


Series I 

Scries II 

Series III 

Series V 

3-salt series 

T.RiC, 

0 000199 

0 000050 

0.000149 

0.000497 

0.000000 

c. 

0.000189 

0.000050 

0.000149 

0.000546 

0.000000 

Cs 

0 000149 

0 000050 

0 000099 * 

0.000596 

0 000000 

Ct 

0 000174 

0 000050 

0 000099 

0.000546 

0.000000 

RiC, 

0.000447 

0.000224 

0 000274 

0.000720 

0.000323 

c, 

0.000348 

0.000199 

0.000224 

0.000671 

0.000298 

Q 

0 000398 

0 000199 

0.000248 

0.000546 

0.000199 

R.C, 

0.000497 

0.000447 

0.000472 

0 000918 

0.000397 

c, 

0.000475 

0 000447 

0.000472 

0.000820 

0.000397 

RrC. 

0.000621 

0 000497 

0.000497 

0.000992 

0.000695 

TAG. 

0.000398 

0 000199 

0.000174 

0.001290 

0.000050 

c, 

0 000298 

0.000199 

0 000174 

0.001240 

0.000050 

c, 

0.000224 

0.000149 

0 000174 ' 

0.001440 

0.000050 

R.C, 

0.000546 

0.000348 

0.000323 

0 001890 

0.000397 

c, 

0.000447 

0.000199 

0.000274 

0.001740 

0.000348 

R»Ci 

0.000646 

0.000447 

0.000447 

0.001990 

0.000645 

T.R.C, 

0 000646 

0.000447 

0.000274 

0.002640 

0.000125 

c, 

0.000447 

0.000348 

0.000224 

0.002680 

0.000075 

RjCi 

0.000696 ■ 

0.000645 

0.000472 

0.003140 

0.000497 

T,R.C, 

0.000746 

0.000423 

0.000497 

0.003680 

0.000298 


represents the actual average yield values and the unbroken line represents the 
acidity of the solutions (gram-molecules per liter) in terms of phosphoric acid. 
The values represented by the graphs for each group are here arranged in the 
descending order of the actual dry-weight values for the 3-salt group. The 
order of arrangement is indicated by the culture or solution numbers placed 
below, and is the same as that employed in the preparation of the graphs of 
figure 3. The relative degrees of injury are again indicated by broad vertical 
lines, in a manner similar to that employed in the preceding figures. 

Inspection of the data of table 7 and the graphs of figure 4, brings out the 
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Fjg. 4. RstATiOKpF Acidity to Yields and Injdey: Groups I-V. (Acidity Valors arb 
InOicatbd on Chart by Ohitting Prefix 0.000 for Groups I, and 1II| 

AND 0.00 for Group V) 
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fact, as is to be expected, that with the increase in the partial osmotic con- 
centrations of the total phosphates in the solutions, the acidity of the solutions 
is increased. The increase in acidity, however, is not proportional to the 
increase in concentration due to phosphates; the graphs, therefore, are some- 
what irregular. While the acid content of any one of these solutions is mainly 
determined by the partial osmotic concentration of the total phosphates, it is 
modified by the relative proportions of the two phosphates (KH2PO4 alone in 
the solutions of group III) in the solution, and also by the relative propor- 
tions of the two constituent salts Ca(N08)2 and MgS04. 

It will be observed that while the graphs of figure 4, representing acidity, are 
very irregular, each graph shows a decided tendency to slope upward to the 
right. On the other hand, all the graphs representing actual average yields 
slope downward to the right. This clearly indicates a general tendency for 
the yields to be low in solutions having high acid content, and high in solutions 
which have low acid content. It is evident, however, that the relative salt 
proportions determine the kind of growth (good, medium or poor) which will 
take place in the solutions with medium or low acid content, since both high 
and low yields of tops occur with each of the four groups in the solutions thus 
characterized. When the acid content of the solution becomes excessive, the 
salt proportions appear to have little influence in determining the kind of 
growth, since only low yields are produced by the solutions with relatively 
high acid content. Two exceptions to the last statement are to be noted in 
cultures TbRiCi and T7R1C1 of group I, each of which is high in acid, the 
former producing a relatively high yield and the latter a medium yield. 

The graphs and diagrams of figure 4 indicate clearly that the solutions of 
each of the four groups here considered which produced no injury, were char- 
acterized by having low acidity as compared with that of the solutions which 
produced injury. Two exceptions to this appear in the case of the two solu- 
tions T5R1C1 and T5R1C3 of each of the groups I and II. Each of these solutions 
showed relatively high acidity but produced no injury. Ingroup III the four 
solutions, TiRiCi, TiRiCa, TiRiCs and T1R1C7, which produced no injury, 
were each characterized, by having a lower acid content than any of the solu- 
tions of the same group which produced the injury. The uninjured cultures 
of group V correspond to those of group III, and the solutions of each of these 
cultures likewise were characterized by having a lower acid content than any 
solution of the same group which produced injury. 

There is a general tendency in each of the four groups here considered for 
the injury to become more pronounced as the acid content of the Solutions 
increases. This relation is, however, not absolutely definite. It is quite 
obvious that the relative salt proportions play a very important r6le in either 
accentuating or diminishing the injury when the acid content of the solutions 
is sufficiently high to produce the injury. One of two solutions having the 
same acid content and equal osmotic concentrations, may possess relative salt 
proportions which are favorable to good growth, while the relative salt propor- 
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tions of the other may not be well adapted to the growth of the plants. The 
salt proportions of the former would naturally tend to diminish the injurious 
effects of the acid, while the tendency of the latter would be to augment the 
injury. For example, the two solutions, TbRiCi and TsRsCi of group I, pos- 
sessed the same acid content (0.000646) as this was here determined. The 
former produced a high yield and suffered no injury, while the latter gave a 
very low yield and sustained severe jnjury. In group II the four solutions 
TftRiCi, TiRsCs, T1R5C1 and TaRsCi, all had the same acidity (0.000447). 
The first of these solutions produced a medium yield but suffered no injury, 
while of the remaining solutions, the first two suffered pronounced injury, the 
last sustained severe injury, and all three gave very poor yields. 

The relation between the injury sustained by the plants and the acid con- 
tent of the solutions of the 3-salt group, is quite definite, as will appear from a 
study of figure S. The data of the 3-salt group are here graphically presented 



Fio. 5. Relation op Acidity to Yields and Injury: 3-salt Group. (Acidity Values 
ARE Indicated on Chart by Omitting Prefix 0.000) 


in the same manner as are those of the four groups represented in figure 4. It 
will be observed that each culture of this group with a solution having an acid 
content higher than 0.(X)0497 showed severe injury. Each culture whose solu- 
tion had an acidity value of 0,0(X)397.or 0.(X)0497 showed pronounced injury, 
and each solution with an acid content of 0.(X)0298, 0.000323 or 0.000348 pro- 
duced slight injury. No injury was produced by any solution of the 3-salt 
group with an acidity value below 0.000298. A clear relation between acidity 
and injury is here indicated; the higher the acid content of the solutions above 
a certain value (0.000298), the greater is the degree of injury sustained by the 
plants. This relation is definite for the conditions of the present study and 
for the group of cultures here considered. Hoagland (6) found a somewhat 
similar relation between the growth of barley seedlings and the H-ion concen- 
tfation of the fnedium. An acid condition of the medium was found to be 
favorable to the growth of the seedlings, and produced no injury when the 
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acidity was not in excess of a certain limit of the H-ion concentration. When, 
however, the H-ion concentration was considerably increased beyond the 
limit set for favorable growth, very decided injury was caused. 

It is evident that the injury sustained by the plants of these tests is the 
result, not of one factor alone, but of combinations of factors. The complexity 
of the whole problem is such as to render the drawing of definite conclusions 
extremely difiicult. It should be emphasized in this connection that the con- 
clusions here reached with regard to the toxic influence of the various phos- 
phates and salt combinations employed, must be understood to apply for no 
other set of experimental conditions than those under which these cultures 
were conducted, and in connection with soybean plants during the early 
stages of their growth. 

SUMMARY 

The experiments above presented deal with the influence of five different 
monobasic phosphates on the growth of soybeans, with special reference to the 
toxic symptoms produced under various experimental conditions. The tests 
involved three distinct sets of experiments, (a) The plants were grown in 
soil cultures to which the salts were added singly in solutions having osmotic 
concentration values varying from 0.5 to 7 atmospheres. Five groups of cul- 
tures corresponding to the five phosphates were employed. Each group com- 
prised 11 cultures including one check culture without salts, (b) The plants 
were grown in soil cultures to which the phosphates were applied in connection 
with a complete fertilizer ration in solutions with varying salt proportions 
but with approximately constant total osmotic concentration values of 2.5 
atmospheres. Six groups of cultures (including one control group which 
employed only the three salts KH2PO3, Ca(N 03)2 and MgS 04 ) each comprising 
20 different sets of salt proportions, were employed, (c) The mixed solutions 
employed in the preparation of the soil cultures were used also for water cul- 
tures, without alteration. A trace of iron as ferric phosphate was added to 
each solution. For each culture 500 cc. of solution were used. 

The total salts added to the soil cultures were included in a single initial 
application. Each soil culture comprised five plants. With water cultures, 
the solutions were renewed every third or fourth day and each culture com- 
prised three plants. 

The main results of these tests may be summarized as follows: 

1. As indicated by relative yields, the growth of soybean tops was injuri- 
ously affected by each of the five phosphates employed singly in soil cultures, 
the average yield from the check cultures being considerably higher than the 
highest average yield from any of the treated cultures. 

2. Each of the phosphates used singly in soil cultures caused specific injury 
to the plants when the solutions applied to the soil had osmotic concentration 
values above 1 atmosphere. 

3. With respect to their capacities for producing specific injury, the phos- 
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phates employed singly in the soil cultures arrange themselves in the follow- 
ing order, beginning with the salt which is least toxic: (1) KH 2 PO 4 , (2) 
(NH 4 ) H 2 PO 4 , (3) MgH4(P04)2, (4) NaH 2 P 04 , (S) CaH 4 (P 04 ) 2 . 

4. The nature of the injury produced by the five phosphates is identical. 
The injury is related to the common group H2PO4, or to the ions resulting from 
the dissociation of this group in the soil solution. 

5. The five groups of soil cultures each employing a single phosphate in 
connection with the three salts, KH2PO4, Ca(N 08 ) 2 , and MgS 04 , produced 
their average maximum yields in corresponding cultures. The phosphates 
employed arrange themselves in the following order with respect to the pro- 
duction of maximum yield values, beginning with the highest: ( 1 ) CaH4(P04)2, 
(2) NaH2P04, ( 3 ) (NH4)H2P04, (4) KH2PO4, and ( 5 ) MgH4(P04)2. The 
maximum yield from the 3 -salt group was slightly surpassed only by that from 
the group employing CaH4(P04)2- 

6 . The plants of a number of soil cultures from each of the five groups em- 
ploying a phosphate in connection with a complete fertilizer ration, suffered 
pronounced injury but* with no culture was the injury sufficiently severe to 
cause the death of the plants before the end of the growth period. With re- 
spect to their capacity for producing the injury, the phosphates arrange them- 
selves in the same order as they do when employed singly in soil cultures. 

7 . No specific injury occurred to the plants in any soil culture of the 3 -salt 
group. 

8 . In each group of soil cultures except the one employing CaH4(P04)2, 
specific injury was confined to the cultures prepared with solutions whose 
partial osmotic concentration values due to total phosphates was not less 
than six-tenths of the total osmotic concentration. In the group employing 
CaH4(P04)2, injury was observed in cultures prepared with solutions having 
four-tenths of their total osmotic concentrations due to total phosphates. 

9 . The degree of injury sustained by the plants was not determined solely 
by the total phosphate content of the medium, but was related also to the 
relative proportions of the constituent salts. 

10 . With these soil cultures there was no definite relation between injury 
and yields. In general, pronounced injury was coincident with relatively low 
yields. Slight injury had no greater tendency to occur with low yields than 
with high yields. 

11 . In water cultures, the solutions employing NaH2P04 and those employ- 
ing (NH4)H2P04 in connection with the three salts KH2PO4, Ca(N 08)2 and 
MgS04, produced markedly higher yields with nearly every set of salt propor- 
tions, than did the corresponding solutions similarly employing KH2P04or 
MgH4(P04)2‘ This is attributed to the antagonistic effects of the new ions Na 
and NH4 introduced into the solutions with NaH2P04 and (NH4)H2P04, 
re^spectively. ^ 

12 . The various phosphates used in water cultures with the 3 -aalt nutrient 
solutions (neglecting CaH4(P04)2, which rendered the rfolution^ extremely toxic 
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to the soybean plants, with each set of salt proportions) arrange themselves in 
the same order, with respect to the production of maximum yield values, as 
they do in the corresponding groups of soil cultures. The average maximum 
yield from the 3 -salt group was not equaled by that from any other group of 

solution cultures. 

13 . The specific injury sustained by the plants in solution cultures was more 
pronounced than that sustained by the plants in the corresponding soil cultures. 
With respect to their relative toxicides when employed in solution cultures 
with complete nutrient mixtures, the phosphates arrange themselves in the 
following order, beginning with the salt which is least toxic: ( 1 ) NaH2P04, 
( 2 ) (NH4)H2P04, ( 3 ) KH2PO4, ( 4 ) MgH4(P04)2, and ( 5 ) CaH4(P04)2. 

14 . Careful comparisons of injured plants from all the different media here 
considered showed the nature of the specific injury sustained by the plants to 
be identical. 

15 . Neglecting the solutions employing CaH4(P04)2, no injury was sus- 
tained by the plants grown in solutions whose partial osmotic concentrations 
due to total phosphates was less than four-tenths of the total osmotic 
concentration. 

15 . The relation between yields and injury with the solution cultures may 
be expressed as follows: The greater the degree of injury (considering only 
injured cultures) the lower the yields. High yields were obtained from solu- 
tions which produced no injury. 

17 . The acid content of the solutions bears a definite relation to the specific 
injury sustained by the plants grown in them: the higher the acid content (as 
here determined by titration methods) the greater the degree of injury suffered 
by the plants. The relative salt proportions, however, play a very important 
rdle in either accentuating or diminishing the injury when the acidity of the 
solutions is sufficiently high to produce it. 
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INTRODUCTION 

Since the middle of the last century a great amount of work has been done 
in furthering our knowledge on the question of salt requirements for green 
plan ts. Perhaps the most logical method of determining the best salt propor- 
tions for the growth of plants in water cultures was that recently adopted by 
Tottingham (29). Using Knop’s (13) formula as a basis, Tottingham varied 
the proportions of the component salts by the increments of one-tenth of the 
total osmotic concentrations. All possible salt proportions were thus included 
in his series, necessitating the use of 84 different solutions. Tottingham was 
thus able to develop a nutrient solution for wheat in its early stage of growth 
that produced yields 11 per cent higher than did Knop’s solution with the 
same total concentration (osmotic value 2.5 atm.). 

Tottingham’s solution contains four salts, KH*P 04 , KNO*, Ca(NOj)» and 
MgS 04 . It will be observed that KNO, may be omitted from the Tottingham’s 
solution without omitting any ion which is not furnished by the remaining 
salts. Thus, by using Tottingham’s general method, Shive (26) has found that 
the omission of KNOs from the nutrient solution employed by Tottingham (29) 
not only did not cause any ill effect on the growth of young wheat plants, but 
actually produced an increased yield over that from Tottingham’s best solu- 
tion with the same total concentration (osmotic value 1.75 atm.). 

This behavior of the 3-salt solution, on the other hand, suggests another 
possibility. Might not some other salt, although not containing any element 
that is not already present in the nutrient solution, benefit plant growth if 
added in proper proportion. Such a salt might be ammonium sulfate. Add- 
ing no new elements, it would introduce a new ion that could have some influ- 
ence on the plant growth when present in different proportions with other ions 
in the nutrient solution. 

It has been demonstrated that some plants can use ammoniacal nitrogen in 
the absence of NO». Gerlach and Vogel (6) grew com seedlings in sterilized soil 
with the solution devoid of any nitrates, but containing ammonium sulfate 
along with the other elements required for plant growth, and found that a 
considerable amount of nitrogen was absorbed by the plants as compared with 
the amounts absorbed from untreated soil. Prianishnikov (24) classified the 
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most important field crops into three groups. The plants of the first group, 
including com, barley, pumpkin, etc., can be supported readily by ammonium 
chloride or ammonium sulfate as a source of nitrogen. The second f;roup 
(peas, vetches, etc.) suffered injury when treated with ammoniacal nitrogen, 
* while the third group, comprising a single plant, Lupinis luteus, can not make 
a normal growth when treated with this kind of nitrogenous compounds. In 
connection with the latter plant reference can be made to the work of Niko- 
laeva (21). Therefore, it is possible that ammonium sulfate may have a 
nutritive effect in a nutrient solution that may result in the better development 
of the plants. 

It is a well known fact that a cation of any salt, if this salt is present alone 
in the medium, has a toxic effect on living organisms, while no such injury is 
observed, if the properly balanced mixture of two or more salts is present in 
solution. For a very extensive review of literature on this important and 
interesting subject, reference may be made to McCooPs (20) work and also to 
the exhaustive monograph of Frear (5). Osterhout (22) points out that the 
injurious effect of the NH 4 -ion on plant growth could be antagonized by one 
of the following ions: Ca, Na and K. McCooPs extensive experiments 
strongly support this contention of Osterhout. Working mainly with chlo- 
rides McCool (20) has found that the toxic action of NH4CI upon Canada 
field peas could be overcome, at least in part, by either Ca or Na in the 
chloride form. 

The action of NH4 in the form of sulfates on the plant tissue, perhaps, differs 
considerably from that of the same ion in a chloride, but the two cases could 
well be expected to be in parallel. 

In view of the foregoing facts, it was deemed desirable to test this salt with 
Tottingham’s nutrient solution, using the salt to be tested in the place of 
KNO$. With oUr knowledge of the bjehavior of Tottingham’s solution as com- 
pared with Shive’s (26), an experiment of this nature would throw some light 
on the effect of ammonium sulfate when added to Shive’s nutrient solution. 

Two chief methods are employed by plant physiologists in most of the 
partially controlled experiments, namely, water culture and sand culture 
methods. Of the two, the sand cultmre, as a medium, more nearly approaches 
the natural conditions for plant development, as these conditions exist in soil. 
This method was chosen for the present work. 

EXPERIMENTAL 

Method employed 

The experimental work herein recorded was done with soybeans of the 
''Black Eyebrow” variety. The seed came originally from the United States 
"Department of Agriculture and was used on experimental plots at the New 
Jersey Agricultural Experiment Station. 

The plants were grown in sand cultures in earthenware glazed cylindrical 
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pots that are 12.5 cm. in height having an inside diameter of 10 cm. 
Fourteen hundred grams of sand, washed in distilled water and dried, was 
plaqjji in each pot within about 1 cm. of the top. The water-holding capacity 
of the sand used was 23.40 per cent (the average of two determinations). The 
moisture content of the medium in which the plants are grown has considerably 
influence on the plant development, as is well shown by a number of investi- 
gators. In this connection the works of Hellriegel (11), Prianishnikov (23), 
Harris (9), and Tulaikoff (30) are noteworthy. Both Hellriegel and Tulaikoff 
have found that the best crop yield was obtained with the moisture content 
of the mediiun equivalent to about 60 per cent of the water-holding capacity 
of the soil In view of these facts it was decided to maintain a proportionally 



Fig. 1. Diagram or Pot Used in Experiments 
, (Drawing by Dr. J. W. Shive) 

similar moisture content in the sand cultures used in these experiments, which 
corresponded to 14 per cent of water based on the dry weight of sand in 
question. 

The water content in the cultures was kept as constant as was practicable 
by adding water to the pots from day to day. For this purpose the pots were 
weighed every other day, but water was added daily in amount corresponding 
to its loss during the previous day. Every three or four days the solution in 
the sand cultures was changed according to a method similar to that employed 
by McCall (19), the difference being in the design of the pots. Instead of 
drawing off the solution at the bottom, as was done by McCall, provision was 
made to withdraw the excess solution at the top by means of a glass tube, which 
extended to the bottom of the pot. A glance at figure 1 reveals the main 
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features of the pot used in these experiments. The glass tubing may be of 

Mt ^ someyrhat longer than the height of the 

^t. The lowtt portion was filled with glass wool to serve as a filter for the 
fine particles of sand. A small rubber tube was attached to the uj^er end 



Fio. 2. SKEtETON OE A PVEAMID SHOWING IHE RePEESENTATIVE CulTOHES UsED IN THE 

Present Work 

and thus served for connecting the pot with the suction 
euttt, winch had a graduated cyUnder to catch the solution. The changimr 
of the wlurion vra-s effected in the same manner as described by McCall ( 19 ). 
After planting the seedlings the surface of the sand in the pots was sealed 


EFFECT OF AMMONIUM SULFATE ON SOYBEANS 


127 


with a mixture of parowax and vaseJine prepared according to the formula 
of Briggs and Schantz. The water and solution were added through the 
paper funnel. The paper funnels used in these experiments were prepared 
by rolling the maniUa paper to form a cone, which was dipped into melted 
paraffine and then cooled. This was done to make it hold together. It was 
then cut to the desired length, inserted into the sand medium about 2 cm. 
deep in the middle of the pot, and corked. The length of the funnel used was 
6 to 7 cm. 

TABLE 1 

Osmotic requirements of cultures 


The figures in the table represent the number of cubic centimeters of the given salts of 
m/4 concentrations needed, when mixed together, and diluted to 250 cc., to make the con- 
centration of resultant solution equal to approximately 2.5 atmospheres of pressure 


POSITION OF 
CULTURES IN THE 
TRIANGLES 

OF THE PYRAUID 

TOTTINGHAM SERIES 

AICMONIUIC SULFATE SERIES 

It 

|3 

|2 

L 

KNOa 

m/4 

gs 

MgSOa 

m/4 

it 

.85 


1 

1 ^ 

k 

h 

T.R.C, 

1 

5 2 

4.9 

3.6 

40.6 

21 

5.2 

3.6 

3.6 

40.6 

c. 

2 

5.2 

4.9 

10.8 

29.0 

22 

5.2 

3.6 

10.8 

29.0 

c, 

3 

5.2 

4 9 

18.0 

17.4 

23 

5.2 

3.6 

18.0 

11.6 

c. 

4 

5.2 

4.9 

25.2 

5.8 

24 

5.2 

3.6 

25.2 

5.8 

R3C1 

5 

5.2 

14.6 

3.6 

29.0 

25 

5.2 

10.8 

3.6 

29.0 

c, 

6 

5.2 

14 6 

10.8 

17.4 

26 

5.2 

10.8 

10.8 

17.4 

Cs 

7 

5 2 

14.6 

18.0 

5.8 

27 

5.2 

10.8 

18.0 

5.8 

R.C, 

8 

5.2 

24 4 

3.6 

17.4 

28 

5.2 

18.0 

3.6 

17.4 

Cj 

9 

5 2 

24.4 

10.8 

5.8 

29 

5.2 

18.0 

10.8 

5.8 

RtC, 


5.2 

34.2 

3.6 

5.8* 

30 

5.2 

25.2 

3.6 

. 5.8 

T.R,Ci 

11 

15.6 

4.9 

3.6 

29.0 

31 


3.6 

3.6 

29.0 

c. 

12 

15 6 

4.9 

10.8 

17.4 

32 

15.6 

3.6 

10.8 

17.4 

c. 

13 

15.6 

4.9 

18.0 

5.8 

33 

15.6 

3.6 

18.0 

5.8 

RaC. 

14 

15.6 

14.6 

3.6 

17.4 

34 

15.6 

10.8 

3.6 

17.4 

c, 

15 

15.6 

14.6 

10 8 

5.8 

35 

15.6 

10.8 

10.8 

5.8 

R.C, 

16 

15.6 

24.4 

3.6 

5.8 

36 

15.6 

18.0 

3 6 

5 8 

TjRiCi 

17 

26.0 

4 9 

3.6 

17.4 

37 

mi 

3.6 

3.6 

17.4 

c. 

18 

mjmm 

4.9 


5.8 

38 


3.6 

10.8 

5.8 

R.Cx 

19 


14.6 

3,6 

5.8 

39 


10.8 

3.6 

5.8 

T7R1C. 

20 

36.4 

4.9 

3.6 

5.8 


36.4 

3.6 

3.6 

5.8 


Solutions used 

The solutions employed in this work were the same as in the work of Totting- 
ham (29), who varied the osmotic concentration of his salt solution by one- 
tenth of their total osmotic concentration. The entire set of 84 cultures, 
however, was not used, but only 20 of the most representative cultures were 
selected, the selection being done in the following manner. The second, fourth 
and sixth triangles were entirely omitted. In the remaining first, third and 
fifth triangles every other row was omitted, and every other culture was 
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omitted in the remaining rows. This arrangement leaves 19 cultures in the 
three mentioned triangles. The twentieth culture used corresponded to the 
apex of the pyramid. Figure 2 gives a general idea of the place in the pyra- 
mid of the cultures employed. It will be seen to be a fairly representative 
skeleton. It also considerably lessens the work. 

In parallel with the Tottingham cultures, another series of cultures was 
used, in which, instead of KH2PO4, KNOs, Ca(N08)2 and MgS04, the following 
salts were used: KH2PO4, (NH4)2S04, Ca(N08)2 and MgS04, or the place of 
KNO3 was taken by (NH4)2S04, thus partially eliminating the potassium and 
nitrogen, and introducing an entirely new ion, NH4. The purpose of this sub- 
stitution, as was stated in the introduction, was to find out whether or not a 
new ionic group, which adds no new element to the culture solution, might in- 
fluence the crop yield in the sand cultures. Iron was supplied in the form of a 
small amount of iron rust. 

The total osmotic concentration of the nutrient solutions used was about 
2.5 atmospheres in terms of possible osmotic pressure. The calculations for 
volunie-molecular concentration of ammonium sulfate were made according 
to the method adopted by Tottingham, using the dissociation figures from 
Jones’ tables (12). The stock solutions were prepared in M/4 concentration. 
The needed amount of solution of the different salts was drawn into a 
small volume of distilled water in a 250-cc. volumetric flask which was then 
filled to the mark. The number of cubic centimeters of different stock solu- 
tions necessary for obtaining the nutrient solution with the osmotic con- 
centration of approximately 2.5 atmospheres is given for convenience in 
table 1. 

The plants were startbd in moist sand, and, wl^en about 2 cm. in height, 
were selected for uniformity and transplanted into the culture pots. Three 
healthy seedlings were used in each pot. After transplanting, the surface of 
the sand, as mentioned above, was sealed with paraffine. 

Forty sand cultures, twenty in each of the two series thus prepared, were 
set on January 25, 1917, and continued to March 5, the total growing period 
in pots being 39 days. Later the experiment was repeated, and was 
run from April 2 to May 11 of the same year, again making 39 days for the 
growing season. The plants, when harvested, were in full bloom, while on the 
most vigorous ones the pods were being formed. 

RESULTS AND DISCUSSION 

CancefUraiian of the nutrient solution 

In order to ascertain whether ao appreciable adsorption of salts had takep 
place after adding the solutions of these salts to the sand, the concentration of 
the solutions was determined both before and after adding them to the sand. 
Moreover, the concentration of the solutions in plant cultures also was deter- 
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mined. This was done at three different times during the growth: (a) at 
the beginning of the experiment, (b) 15 days after the start, and (c) at the end 
of the 39-day period of growth. A portion of the solution was withdrawn by 
means of suction from each of the sand cultures. ‘This was done at the time 
of renewing the solutions. In addition to this, the concentration of the moist 
sand at the end of the experiment also was determined by means of the cryo- 
scopic method. The concentration of the solution in the sand was determined 
by the method suggested by Bouyoucos and McCooI (2), and the calculations 
were made with the aid of data gathered by Harris and Gortner (10). 

Table 2 gives the data obtained by these determinations with the Totting- 
ham series while table 3 presents the similar data for the ammonium sulfate 
series. The arrangement of the data is the same in both tables. The first 
two columns represent the number of cultures in the triangles and the labora- 
tory nximbers, respectively. The following seven columns give the degrees 
(Centigrade) of depression of the freezing point, while the last seven columns 
show the corresponding concentrations in atmospheres. Studying these tables 
carefully one notices two very significant features. One of these lies in the 
fact that, with few exceptions, the values for the original solution in both 
series, for the sand treated with solution, for all solutions obtained by suction 
from the culture pots, and, finally, for the sand at the end of the experiment, 
follow one another with striking consistency. There is no great difference be- 
tween the concentration of the original solution and that of the solution in the 
sand cultures. In the Tottingham series the values for solutions obtained 
from the sand cultures are in very close agreement with the values of the 
original solution and sand treated with it. The figures for the sand at the end 
of the experiment, however, are lower than those of others, but this latter 
feature is not so noticeable in the series containing ammonium sulfate. Thus, 
it is evident that Livingston's (15) results, as emphatically quoted by Brea- 
zeale (3), could not be explained on the basis of total concentration. His re- 
sults seem to indicate that while the best concentration of solution in water 
cultures for plant growth is around 300 parts per million, the corresponding best 
concentration in sand cultures lies in the neighborhood of 2500 parts per million. 
Unless very fine sand is used and the most of the salts composing the solu- 
tion are similar in their behavior to phosphates, no such reduction in the ef- 
fective concentration is to be expected. In this connection the work of Bou- 
youcos and McCool (2) with a number of soils and sand which they treated 
with different salts of tv concentration, is of special interest. Testing the 
total concentration directly in the soil treated with the salt solutions, Bouyou- 
cos and McCool obtained results which show that different salts are adsorbed 
to a different degree by the same soU, and that the different soils and sands have 
different powers of adsorption. The adsorption of sand, which they treated 
with ^ salt solution, was very small. However, when the solution of a salt 
,is sufficiently diluted, the relative adsorption of even coarse sand becomes con- 
siderable and that of the fine sand adsorption is very great, as was shown by 
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Wolkoff (33) in the preliminary paper on the study of adsorption of ammonium 
sulfate at different concentrations. 

Another outstanding feature of the results submitted in tables 2 and 3 and 
graphically presented in figure 3, is the apparent tendency of the nutrient 
solution containing ammonium sulfate to become more concentrated than the 
original solution, when added to the sand. In fifteen cases out of twenty the 
freezing-point depression of the solution in sand was greater than that of the 
corresponding original solution. The behavior of the Tottingham solution 
was entirely different in this respect. In nineteen cases out of twenty the 
concentration of the solution in sand was somewhat smaller than the concen- 
tration of the solution before adding this sand. The solutions used in this 
particular experiment were prepared together and used at once. The same 
stock solutions were employed for the determination of concentration of the 



Fig. 3. The Concentration of Tottingham Nutrient Solution and Solution of 
Ammonium Sulfate Series Before and After Adding These Solutions 
TO A Washed Sea Sand 

solution as such and when added to the sand. Duplicates, of course, were 
made in every instance. Besides, in the cases where the differences between 
the original solutions and the solutions in sand were very pronounced, the 
experiment was repeated. No evident error was revealed. These results are 
in good agreement with the data obtained by the author (33) working with 
ammonium sulfate solutions and sand of different fineness. Evidently, when 
ammonium siilfate is present in combination with other salts, it has a similar 
effect on the total concentration of the solution as it has when used singly, al- 
though the degree of the effect produced is modified by the presence of other 
salts and also by the salt proportions. The explanation for this interesting 
phenomenon is offered by the author in another paper (33). It seems that 
when sand or ^il is treated with ammonium sulfate, theSlkali radical, NfHi, is 
adsorbed by this solid phase more strongly than the acid radical, SO4. As a 
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result of this unequal adsorption some excess of the S 04 -ion is left in solution, 
and, uniting with Hrions of slightly dissociated water, forms some free H2SO4. 
Since the dissociation of acid is greater than that of the original salt, ammo- 
nium sulfate, the freezing-point depression in the case of sand will be greater, 
although the total (absolute) concentration of the solution may be slightly 
reduced by the adsorption. This phenomenon is more pronounced in the 
sand with a lower per cent of moisture than with a higher one. In other 
words, where the solid phase is relatively reduced and the relative surface is 
correspondingly diminished, the effect of adsorption becomes smaller. This 
fact, of course, is in accord with the theory of adsorption. In the case of soil 
(33) treated with ammonium sulfate, however, no such apparent increase in 
total concentration was noticed by this method, because the effect of adsorption 
is greater than that of any increase in dissociation due to the formation of acid. 

This phenomenon of increase in concentration of the salt solution on adding 
it to the sand is similar to that which was first observed by Graham (8) 
in 1830, but attributed by him to experimental errpr. The fact of increase 
of concentration of sopie salt solutions after adding them to some solid phase, 
such as charcoal, kaolin, clay, or powdered sand, is now well established by 
Gore (7), Lagergren (14), William (32) and quite recently by McCall and his 
co-workers (16). Dealing with the solid phase greatly divided to offer an 
enormous surface energy, the above-mentioned authors evidently had the 
adsorption of water out of the liquid phase to such an extent that it caused an 
increase iff concentration of the remaining salt solution. The phenomenon 
is called either ^‘negative adsorption'^ (Lagergren, William), or ‘^special case 
of selective adsorption” (McCall). In the experiments described in the present 
work, the phenomena observed were evidently due to a selective adsorption 
of one of the ions and subsequent formation of acid out of the acid radical, 
and the hydrogen ion of the slightly ionized water. It is a pure case of a 
physico-chemical process that may take place in the heterogenous system. 

RESULTS OF THE MAIN EXPERIMENT 
Introductory remarks 

The effect of the introduction of ammonium sulfate into Shive's nutrient 
solution, or of the substitution of this salt for potassium nitrate in Totting- 
ham’s nutrient solution, on the plant growth of soybeans was studied by means 
of several criteria; (a) the general appearance of plants, (b) dry weight of tops, 
(c) dry weight of roots, (d) transpiration, (e) water requirement of tops, and 
(f) water requirement of roots. 

General appearance of plants of the two series 

The plants of th^ ammonium sulfate series appeared, in general, more 
healthy, more bushy and slightly taller, than the plants in the corresponding 
cultures of the Tottingham series. The most pronounced difference was in 
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the color of the plants of the two series, the plants of the ammonium sulfate 
series being much greener than those of the Tottingham series. 

At the beginning of the growing period, plants with ammonium sulfate as 
a part of their nutrient solution appeared to be injured and were retarded in 
their growth for a week or ten days. This feature, however, gradually disap- 
peared, and the plants began to make a vigorous growth. 

Just before harvesting the plants of the first experiment, on March S, ob- 
servations on the cultures were made, noting the injury, if any, and the degree 


TABLE 4 

Injury of plants in Tottingham and ammonium sulfate series of the first experiment {fhe 
observations were made just before harvesting the plants,) 


TOTTINGHAM SERIES 

AMMONIOIC SULFATE SERIES 

1. Two plants slightly injured 

21. No injury 

2. No injury 

22. No injury 

3. No injury 

23. No injury 

4. No injury 

24. Noinjuiy 

5. Severe injury of all plants 

25. Very slight injury 

6. Two plants slightly injured 

26. No injury 

7. Two plants slightly injured 

27. No injury 

8. Severe injury of all plants 

28. Considerable injury, all plants stunted 

9. Apparent injury slight, but plants stunted 

29. No injury 

10. Severe injury, plants stunted 

30, Considerable injury; all plants stunted 

11. No injury 

31. No injury 

12. No injury 

32. No injury 

13. Plants conspicuously yellow but no ap- 

33. No injury 

parent injury noticed 

34. One plant died from mechanical injury; 

14. Severe injury 

olherwise, no injury 

15. Slight injury 

35. No injury 

16. Severe injury 

36. Very slight injury 

17. Slight injury 

37. No injury 

18. Slight injury 

38. Four leaves of one plant wilted around 

19. Severe injury 

the margins 

20. Severe injury; leaf edges wilted, as if 

39. No injury 

burned 

40. No injury 


of the injury. Each culture was judged as a whole. Brief memoranda are 
given in table 4. 

A glance at the memoranda given in table 4 reveals the fact that, with the 
exception of cultures 28 and 40, the plants of the ammonium sulfate series 
suffered much less injury than the corresponding* ones of the Tottingham 
series. 

In the second experiment, which was conducted between April 2 and May 
11, these differences were more pronounced; that is to say, the difference be- 
tween the best culture in the ammonium sulfate series agd the best culture of 
the Tottii^ham series in the second experiment was much greater than in the 
first experiment. On the other hand, the difference betweent the poorest cul- 
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tures of the two series in both experiments was also more pronounced during 
the second experiment. The injury of the plants of cultures 28 and 30 in the 
second experiment was such that nearly all plants died in the course of two 
weeks; while the luxuriant growth of culture 32 was more conspicuous in 
comparison with the growth of the plants in the corresponding Tottingham's 
culture, No. 12. The difference in the behavior of the plants grown at differ- 
ent times of the year is attributed, at least partly, to the difference in the tem- 
perature of the greenhouse. This temperature, on the average, was much 
higher during the second experiment •than during the first one. Since all the 
chemical reactions proceed with a greater speed at an elevated temperature 
than at a lower on^, the difference in the effect of the salts in different propor- 
tions at different temperatures could easily be explained on these grounds. 

Outside of this feature, the general trend of the growth of plants in both 
experiments was practically the same, as one will notice in studying the data 
of the dry weight of tops and roots in both series which will be shortly 
presented. 

Dry weight of tops 

The dry weight of tops was obtained by cutting the plants at the surface of 
the sand, and drying them in weighed, wide-mouthed bottles in the electric 
oven at about 108°C. until constant weight was attained. The results are 
given in table 5. They show the dry weight of tops secured in the first and 
the second experiments, and the average for the two. The relative values 
also are given. The first four columns of the table present the data of the Tot- 
tingham series, while the last four present the corresponding values for the 
ammonium sulfate series. The relative values were obtained by dividing each 
number by the average dry weight of the two series of both experiments, this 
average figure being 2.3881 gm. These relative values are plotted in figure 4, 
following the general scheme (with minor modifications) of representation as 
suggested by Tottingham (29) and also by Shive (26). This chart shows 
the cultures in their proper places on the triangles. The cultures whose rela- 
tive values are 110 or above, are shaded by small crosses, while the portion 
of the triangles with cultures of values of 90 or lower are shaded by small 
circles. The examination of the average data in table 5 and figure 4 show 
striking differences between the corresponding values of the cultures in the 
two series. The best yields in the Tottingham series were obtained from cul- 
tures TsRiCi and T 3 R 1 C 3 with the salt proportions corresponding to 0.0156 m. 
KH 2 PO 4 , 0.0049 m. KNO 3 , 0.0036 m. Ca (N 03 ) 2 , and 0.00290 m. MgS04 in 
the first case, and 0.0156 m. KH 2 PO 4 , 0,0049 m. KNOs, 0.0108 m. Ca(N 03)2 
and 0.0174 m. MgS 04 in the second case. The best culture of the ammonium 
sulfate series was T 3 R 1 C 1 , or that which contained 0.0156 m. KH 2 PO 4 , 0.0036 
m. (NH 4 ) 2 S 04 , 0.0108 m. Ca(N 03 ) 2 , and 0.0174 m. MgS 04 . The poorest 
culture in both series was T 1 R 7 C 1 . It contained the greatest amount of KNQr 
in the Tottingham series and the corresponding amount of (NH4)2S04 in the 
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ammonium sulfate series. The best culture of the ammonium sulfate series, 
however, was considerably better than the best culture of the Tottingham 
series, while of the poorest cultures of the two series the culture of Totting- 
ham’s solution was better. The variation between the best and the poorest 
cultures was much greater in the ammonium sulfate series than in the Totting- 
ham series. 

The plant growth of the cultures containing ammonium sulfate, was much 

TABLE 5 


Dry weight of tops of soybeans grown in sand cultures of the Tottingham and ammonium 

sulfate series 


posmpw 

TOTTINGHAM SERIES 

AMMONIUM SULFATE SERIES 

Number 

Trial 

1 

Trial 

2 

Average 

Relative 

value 

Number 

Trial 

1 

Trial 

2 

Average 

Relative 

value 



grams 

grams 

grams 



grams 

grams 

grams 


TjRiC. 

1 

2.3390 

2.6975 

2.5183 


21 


3.8747 

3.0539 

126 

RiCa 

2 

2 4716 

2 5170 

2.4942 


22 


4.9817 

3 7959 

156 

RiQ 

3 



2 2332 

95 

23 

2.5575 


3.6769 

151 

RlC; 

4 

2.3322 

1.6865 


86 

24 

2.6150 

4.7812 

3.6981 

152 

R.C. 

5 

1.7714 

2.4997 

2 1356 

89 

25 

1.4833 

2.2685 

1.8759 

78 

R|C, 

6 

2.4210 

2 0950 

2.2580 

96 

26 


4.2710 

3.1853 

131 

RaCa 

7 

2.0846 

1 6547 

1.8697 

80 

27 


3.6059 

2.8910 

119 

R.C, 

8 

1 8292 


1.9849 

83 

28 


0.3798 

0.9303 

42 

RsC, 

9 

1.9480 

1.3702 

1.6591 

72 

29 

1.8512 

2 7548 

2 3030 

96 

RiCi 

10 

1.3316 

1.6507 

1.6412 

63 

30 


0 5235 

0.8624 

37 

T,R,C, 

11 


2 7285 

2.6438 

112 

31 

2.7491 

3.5485 

3.1488 

132 

RiCj 

12 

2.7210 

2.4598 


112 

•32 

3.1743 

5.2335 

4.2039 

173 

RiC. 

13 

1 8848 

1.5540 

1.7174 

74 

33 


3.4932 


127 

R.Ci 

14 


2.1152 


mSl 

m 

wB. 


2 3608 

99 

RsC, 

15 

1,9934 

2.0113 

WBffi 

85 

35 

2.2241 

3.7773 


124 

R»C. 

16 


■wkUm 

1.8941 

«(ij 

36 

1 3306 

1.3877 

1.3592 

58 

T.RiC. 

17 

2 4636 


2.2822 

97 

37 

2.6422 

3.2525 

2.9474 

124 

RiC, 

18 

2.2678 

1.7015 

1.9847 

86 

38 

2.5464 


2 6843 

114 

RjCi 

19 

1.8850 

2.2182 


87 

39 

1 .9795 

2.0187 

1.9991 

85 

T7R1C, 

El 


2.5140 

2.3670 


m 


2.6370 


mjm 

Average 

89.5 

Averatre. . . 
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better, on the whole, than that of the cultures without this salt. This fact 
is very well illustrated by figure 4. Indeed, only two cultures in the Totting- 
ham series gave values above 110, while the large shaded portion with crosses 
on the ammonium sulfate side shows that twelve out of a total of twenty cul- 
tures exceeded this value. On the other hand, while twelve cultures of the 
. Tottingham series fell on or below 90, only five cultures of the ammonium sul- 
fate scries were found below this value. Consequently, very few cultures 
were located between the high and the low areas in the case of the ammonium 
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sulfate series, as compared with the Tottingham series. There is a pronounced 
tendency for the cultures of the ammonium sulfate series to show considerable 



Fig. 4. The Relative Average Values for Top Yields of Soybeans of Tottingham 
AND Ammonium Sulfate Series 

The high and low yield regions are shaded with crosses and circles, respectively. 

fluctuation upon a slight alteration of the salt proportions. The fluctuations in 
this respect are not so striking in the Tottingham series. 
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Dry weight of roots 

The dry weight of roots was obtained by washing out the sand from the 
roots means of a small stream of water on a fine screen and drying the 
roots in the electric oven. Since it is an impossible task to wash the sand 
from the roots, the weight of organic matter of the roots was obtained in an 
indirect way. The washed roots were burned in a platinum dish. The differ- 
ence between the weight of the dish with the material before and after the 

TABLE 6 

Dry weight of roots of soybeans grown in sand cultures of the Tottingham attd ammonium sulfate 


POSITION 

TOTTINGHAM SERIES 

AMMONIUM SULFATE SERIES 

s 

1 

Trial 

1 

Trial 

2 

Average 

Relative 

value 

4 * 

a 

z 

Trial 

1 

Trial 

2 

Average 

Relative 
value i 



gram 

gram 




gram 

gram 



TiRiCi 

1 

0.4000 

0 4210 

0.4105 

108 

21 

0.4590 

0 4334 

0 4462 

117 

RiC, 

2 

0.4092 

0 4403 

0 4248 

112 

22 

0.5868 




RiCa 

3 

0.4536 

0.4335 

0.4436 

116 

23 

0.4902 

0.7275 

0.6089 

160 

RiCr 

4 

0 4436 

0.3800 

0.4118 

108 

24 

0.3630 

0 6405 

0 5018 

182 

RaCi 

5 

0.3132 

0 4057 

0 3595 

95 

25 

0.2874 

0 2305 

0 2590 

68 

RaCj 

6 

0.4628 

0.2068 

0.3348 

88 

26 

0.4392 

0.5745 

0 5069 

133 

R>C. 

7 

0.3472 

0 2553 

0.3013 

79 

27 

0.3314 

0 4101 

0 3708 

98 

RfiCx 

8 

0.3118 

0.3981 

0 3550 

94 

28 

0.2190 

0 0398 

0.1294 

34 

R^Cs 

9 

0.3230 

0.2667 

0 2999 

78 

29 

0.2824 

0.2322 

0.2573 

63 

R7C1 

10 

0.2296 

0.3952 

0 3124 

82 

30 

0.1436 

0 0410 

0 0923 

25 

T 3 R 1 C 1 

11 

0,3950 

0 4510 

0.4230 

112 

31 

0.5118 

0.4283 

0.4701 

12 # 

RiCs 

12 

0.4728 

0.4443 

0,4586 

121 

32 

0.5616 

0 7948 

0 6782 

179 

R 1 C 5 

13 

0.3620 

0.3795 

0.3708 

98 

33 

0.4864 

0.4680 

0.4772 

125 

RaCi 

14 

0.3700 

0 3857 

0.3779 

99 

34 

0 2500 

0.3365 

0.2933 

78 

RaCj 

15 

0 3638 

0.3428 

0.3533 

93 

35 

0.4350 

0.4525 

0.4438 

' 117 

RfiCi 

16 

0,2838 

0 3805 

0.3322 

88 

36 

0.2132 

0.1393 

0.1763 

47 

TjRiCi 

17 

0.4850 

0 3575 

0 4213 

111 

37 

0.4676 

0 4252 

0.4464 

118 

R 1 C 3 

18 

0.4130 

0.2960 

0.3545 

93 

38 

0.4422 

0.4133 

0.4278 

113 

RaCi 

19 

0.3324 

0 4483 

0.3904 

103 

39 

0.2894 

0.2108 

0 2501 

66 

T 7 R 1 Q 

20 

0.3718 

0 4105 

0 3912 

103 

40 

0,4926 

0.2873 

0 3900 

103 

Average 





99 

\ vprn crf» 



101 












burning was taken as the weight of the roots. No corrections were made for 
the ash content. 

The dry weight of roots, as presented in table 6 and figure 5, shows, in gen- 
eral, the same main differences between the two series, as were pointed out 
in the case^of the tops. 

The culture producing the best root yield in the Tottingham series was 
TgRiCa, or one of the two best cultures for tops of the same series. It was 



ETFECT OF AMUONIUU SULFATE ON SOYBEANS 


139 


the best culture for roots and tops in the ammonium sulfate series. The poor- 
est culture for roots in the ammonium sulfate series was T1R7C1, or the same 



Fig. 5. The Relative Average Values for Root Yields of Soybeans of Tottingham 
AND Amuoniuu Sulfate Series 

The high and lovr 3deld regions are shaded with crosses and circles, respectively. 


as the poorest for the tops in the same series. The poorest culture in the 
Tottingham series was TiRsCj, which was next to the poorest in the case of 
tops. 
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The region of high yields on the triangles for roots corresponds fairly well 
with the region of high yields on the triangles for tops; also, the areas of poor 
yields of roots approximately coincide with the areas of low yields of tops. 

The ammonium sulfate series contains eleven cultures whose relative values 
are above 110, while only five cultures of the Tottingham series lie above that 
value. The relation is nearly reversed, however, when the number of cultures 
producing poor root yields is. considered, or those whose relative values are 
below 90. In the ammonium sulfate series there are seven, but in the Totting- 
ham series there are only five. It seems that the ammonium sulfate in the 
nutrient solution in the sand cultures caused a relatively better growth of 



Fig. 6. Rklative Values for Top Yields, Root Yields and Transpiration of Water 
BY Plants of Soybeans in Tottingham and Ammonium Sulfate Series 


tops than of roots, while a reverse influence is noticed in the Tottingham series. 
This relation is plainly seen from the average figures of the relative values in 
tables 5 and 6, which are, in the ammonium sulfate series, 1 1 1 for tops and on ly 
101 for roots. In the Tottingham series these figures are 89 and 99, respec- 
tively. In other words, the average root development in the different salt pro- 
portions of the ammonium sulfate series was quite large as compared with that 
of the Tottingham series. In this respect the data for roots and for tops show 
a very clo$e agreement. Indeed, the relation between the growth of tops and 
that of roots in the same series is noticed throughout, as one can judge by 
studying the relative values in tables 5 and 6, and also in figure 6. With the 
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variation in the salt proportions from one culture to another, the curve for root 
yields of the ammonium sulfate series follows very closely the curve for the 
top yields of the same series. The relation between the root and top 
yields is also very similar in the Tottingham series, though these features 
are less pronounced than in the ammonium sulfate series. The correlation’ 
between the development of tops and that of roots is especially interesting, 
because it is not always found to exist with .different plants. For instance, 
Tottingham (29), working with Wheat in water cultures, could find no relation 
whatsoever between the dry weight of tops and that of roots. Shive (26) 
could trace some relations between yields of tops and roots. McCall (19) 
repeated Shive’s work, carrying it along side of sand cultures, and pub- 
lished results that show very little correlation between the dry weight of tops 
and that of roots in both optimum series of Shive’s water and sand cultures. 
Later, working with buckwheat in water cultures, Shive (27) found a fair 
relation between the growth of these two parts of the plant. Evidently, differ- 
ent plants behave differently as influenced by different salt proportions 
in the nutrient medium. 

Transpiration and water requirement 

The transpiration data were obtained by keeping a record of the water 
evaporated through the plants. In order to bring out clearly the relations 
between transpiration and the growth of tops and that of roots, the data of 
table 7 are presented. In both series the curves for transpiration data closely 
follow the curves of top yields and also of root yields. The relation of the 
transpiration of the roots to that of the tops, however, is more close in the 
case of the ammonium sulfate series than in that of the Tottingham series. 
In the case of the relation of transpiration to growth of tops, the results are 
well in accord with the results of some of the previous investigators, among 
whom could be mentioned Whitney and Cameron (31), Livingston, Britton 
and Reid (15), and especially Livingston (16 and 17), Shive (26) and McCall 
(19). Theoretically, the amount of water transpired, the moisture content of 
the soil and the meteorological conditions remaining the same, is mainly 
dependent upon both the leaf surface of the plant and the surface of the active 
root hairs. The influence of the leaf area, of course, is predominant. Some 
secondary factors, may play a prominent part only under some abnormal 
conditions of the plant growth. 

The water requirement of the tops was calculated by dividing the total 
water loss in grams by the dry weight of tops. The data, together with their 
relative values, obtained by taking the average water requirement of both 
series as 100, are given in the table 7. The corresponding data for roots are 
presented in the same table. The results show the water requirement per 
gram of dry weight of tops in the Tottingham series to lie between 327 gm. in 
culture TsRiCi (the best culture for the top growth) and 387 gm. in culture 



t 

Average transpiration, water requirement of tops and water requirement of roots, togetfter with their redaUve values, of soybeans grown in Tottingham 

solution ani the nutrient solution with ammonium sulfate in sand cultures 
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TiRsCi. The average water requirement of the twenty duplicate cultures of 
this series for tops was 361 gm. In the ammonium sulfate series the corre- 
sponding values were 192 gm. for the lowest and 354 gm. for the highest, with 
cultures TiR 7 Ci and TiRiCj, respectively. Culture T 1 R 7 C 1 it should be re- 
membered, gave the lowest )delds of both tops and roots. The average water 
requirement of all the cultures of this series was 322 gm. The average value 
for both series was 342 gm., this value being taken as 100 in calculating the 
relative value for each culture. 

The water requirement of the tops of the plants grown in the nutrient solu- 
tion containing ammonium sulfate was considerably lower than the corresp>ond- 
ing values for the plants grown in the solution of the Tottingham series. This 
is illustrated by figure 7, which also reveals the fact that the values of the 
water requirement for the two series run fairly parallel. Severely, injured 
culture T 1 R 7 C 1 of the ammonium sulfate series is an exception to this general 
tendency. The curve for the Tottingham series was well above the other one. 



Fic. 7. Water Requirements in Grams op Tops of Soybeans per Gram op Dry 
Matter Produced in Tottingham and Ammonium Sulfate Series 

Again, as in the case of the yield of tops, the indication is clear that the nutri- 
ent solution containing ammonium sulfate, in comparison with the unmodified 
Tottingham solution, was better suited for the growth of soybeans. 

In the experiments here recorded the total transpiration of water by the 
same number of plants in the ammonium sulfate series is sometimes more 
and sometimes less than in the case of Tottingham series, but it is always less 
per gram of dry weight of plants, so far as the yield of tops is concerned. No 
such consistent relation could be traced in the water requirement of the roots 
of the two series. 

The water requirement of dry roots is, of course, many times as high as it 
is for tops. In the Tottingham series the values varied from 1580 gm. in cul- 
ture TjRiCt to 2595 gm. in culture TiRaCj, the average for all cultures being 
2060 gm. The same values for the ammonium sulfate series were: lowest, 
1840 gm. in culture TsRiCi, and the highest, 2950 gm. in TiRsC*, the average 
being 2.088 gm. The average water requirement of the roots for 40 duplicate 
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cultures was 2074 gm. Thus, the plants of the Tottingham series in the root 
development, as average figures show, were slightly more economical than the 
plants of the ammoniiim sulfate series. 

COMPARISON OF YIELDS OF SOYBEANS GROWN IN NUTRIENT SOLUTIONS 
EMPLOYED BY OTHER AUTHORS 

For the purpose of comparison, in the second trial of the experiment six 
additional cultures were prepared. Three duplicate cultures of the following 
solutions were employed : (a) Crone’s, (b) Knop’s and (c) Shive’s. These 


TABLE 8 

ComparaHve growth of soybeans in sand cultures treated with nutrient solutions proposed by 

different authors 



YIELD or 
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YIELD OF 
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RELATIVE VALUE OF 
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116 
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2.7285 

96 


88 
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109 

Ammonium sulfate series. . 

5.2335 

182 

0.7948 

155 

337 

1581 

mm 


77 

1989 

95 
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nutrient solutions had the following partial volume-molecular concentrations, 
each with a total concentration approximating an osmotic value of 2.5 at- 
mospheres: 

Crone's (4) sblution: KNOa, 0.0392 m.; Ca 8 (P 04 ) 2 , 0.00314 m.; Fea (POah, 0.0027 m.; 
MgSOa, 0.008 m.; and CaSO^, 0.007 m. 

Knop's (13) solution: KNOa, 0.0083 m.; KH2PO4, 0.0063 m.; Ca(NOa)2, 0.0207 m.; and 
MgSOi, 0.0072 m. 

Shive's (26) solution: KH2PO4, 0.0257 m.; Ca(NOa) 2 , 0.0074 m.; and MgS04, 0.0214 m. 

• The ptoceduTe of the experiment was exactly the same as in the main ex- 
periment The results obtained with these nutrient solutions, together with 
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the data for the best yields from the Tottingham series and from the ammo-* 
ninm sulfate series, are presented in table 8. 

An examination of the table 8 reveals the striking influence of the introduc- 
tion of ammonium sulfate into Shive’s nutrient solution, or of substituting it 
for KNOs in the Tottingham nutrient solution. The growth of soybeans in 
both the tops and the roots was very markedly increased. 

Table 8 shows, in general, that transpiration was increased with the in- 
crease in growth. Also, the amount of water used per dry weight of crop was 
smaller in the case of plants of better development than in those of poor growth. 
On the whole, this is true of both the top and the root yields. Crone’s nutri- 
ent solution deviated somewhat from this general rule. 

DISCUSSION 

In the foregoing experiments it was shown that ammonium sulfate, when 
added to Shive’s nutrient solution, or when used as a substitute for potassium 
nitrate in Tottingham’s nutrient solution, caused a greatly variable effect on 
the growth of both the tops and the roots of soybeans. In twenty representa- 
tive cultures, of the 84 possible cultures used by Tottingham, ammonium sul- 
fate in some salt proportions resulted in a very severe injury to the plants, 
while in other combinations it caused a remarkably high increase in the plant 
growth over the corresponding cultures of the Tottingham solution. Because 
of the complexity of the problem, it is often dfficult (if not impossible) to 
determine why such profound differences occur in two cultures whose nutri- 
ent solutions differ but slightly. These questions were thoroughly discussed 
by Tottingham (29), Shive (26), and McCall (19) in the parallel cases and 
need not be repeated here. It is advisable, however, to trace the relations in 
connection with ammonium sulfate. Beginning with culture 21, or TiRiCi, 
it will be observed (table 5) that with the smallest applications of mono-po- 
tassium phosphate, ammonium sulfate and calcium nitrate, when the partial 
osmotic concentrations supplied by magnesium sulfate was seven-tenths of the 
total concentration, the yield of the soybeans was well above the average. In 
the next culture, on the increase of calcium nitrate, the mono-potassium phos- 
phate remaining the same, the yield increased about 13 per cent over the 
former. On the further increase of calcium nitrate and decrease in magne- 
sium sulfate, the yield of tops did not increase, but was slightly decreased. 
A similar yield was obtained with the next culture having the highest applica- 
tion of calcium nitrate, although the roots (table 6) continued to increase. 
In culture 25, when the first increase in the amount of ammonium sulfate 
with the least amount of calcium nitrate was employed, the yield fell from 152 
for culture 24 to 78 per cent for culture 25. The increase in calcium nitrate in 
the next culture to three-tenths of the total osmotic concentration brought 
the yield of plants to 132 per cent of the avemge. This concentration of cal- 
cium nitrate is the largest that could be safely used in combination with ammo- 
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nium sulfate in these experiments. In the next culture, No. 27, upon an 
increase in the calcium nitrate to five-tenths of the total osmotic concentra- 
tion, a decrease in the yield of both tops and roots followed. The best yield 
of soybeans occurred in the culture with salt proportions as follows: 0.0156 m. 
mono-potassium phosphate, 0.0036 m. ammonium sulfate, 0.0108 m, calcium 
nitrate, and 0.0174 m. magnesium sulfate. On the reduction of calcium ni- 
trate to one-tenth of the total osmotic concentration in culture 31, or on the 
increase of its proportion to five- tenths in culture 33, the decrease in*the yield 
of tops was 30 per cent and 27 per cent, respectively. The difference effected 
in the case of yield of roots was still larger. It seems, therefore, that the de- 
velopment of the plant is the result of the combination, not of the different 
separate components of the nutrient solution. Tottingham (29), Shive (26), 
and later, McCall (19) have set forth the dependence of the separate salts 
upon the proportionality of the component factors in the solution, though the 
variation due to different salts in the instances of the above-mentioned inves- 
tigators was not so pronounced as the variation due to difference in proportions 
of ammonium sulfate used in the present work. 

It is commonly noticed that when an excess of ammonium sulfate is applied 
to an agricultural soil, an injury results to the plants grown therein. This 
injury varies according to the conditions under which the experiment is car- 
ried out. The amount of salt used, type of soil, amount of lime present (and 
also other fertilizers), moisture content, temperature, and kind of crop, are 
among the factors modifying the effect produced by ammonium sulfate in 
soil. In most cases, the ill effect of an excessive application of this salt is 
attributed to the acid production in the soil, when ammonium is used by the 
crop or converted into nitrate, leaving the acid radical behind. Another pos- 
sibility, however, may be mentioned. It is a well established fact that there 
may be an injurious effect of a certain ion, as such, if its action is not antago- 
nized by some other ion. McCool (20) reports that the NHs-ion is very in- 
jurious above certain concentrations. Its ill effect, however, is diminished 
by the presence of other salts and can be completely destroyed by the antago- 
nistic action of Ca or Na. In this connection it is interesting to note that 
the injurious effect of Na can be destroyed by the addition of a proper amount 
of NH 3 . Though McCool dealt with the chlorides of these bases, the similar 
behavior df NH 3 in the form of sulfate can be expected. Although it is a 
common practice to correct the soil injured by excessive amounts of ammonium 
sulfate, with lime (CaO, Ca(OH) 2 , CaCOs, or CaMg(C 03 ) 2 ), Schulze (28) in 
extensive field experiments counteracted the injurious effect of ammonium sul- 
fate with the aid of sodium chloride, thus securing results similar to those 
which McCool obtained under better controlled laboratory conditions. 

In certain salt proportions the ammonium sulfate is not only harmless to 
the development of the plants but extremely beneficial. Here lies the expla- 
nation of. the fact that there are so many conflicting reports published regard- 
ing the effect produced by the action of this salt, when used as a fertilizer. It 
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seems that poorly balanced nutrient salt combinations account for the preju- 
dice toward this salt as a source of nitrogen for plant growth. 

That the differences caused by ammonium sulfate in the present experi- 
ments, observed from culture to culture, brought about by the change of 
salt proportions, were not due to the change in the concentration of the re- 
sultant solutions, is clearly brought out in table 3, which was previously dis- 
cussed. Figure 3 also emphasizes the same point. The differences in the 
Total osmotic concentration of the nutrient solution of the different salt pro- 
portions, in both the original form and after application to the sea sand, were 
not great enough to account for the large differences in the plant growth. 
Moreover, Ayres (1), working with tobacco in sand cultures, has shown that 
the total concentration, as measured by the total weight of salts in the initial 
application, is not as large a factor for the normal development of plants as 
the proper balance between the different salts applied. The preliminary 
work of McCall (19) also shows similar results. 

CONCLUSION 

In the experiments presented above, the work was done with soybeans 
grown in sand cultures. 

The effect of ammonium sulfate on Shive’s nutrient solution was studied. 
For this purpose ammonium sulfate was substituted for potassium nitrate 
in Tottingham’s nutrient solution, which solution, as a control, was used 
in parallel with the ammonium sulfate series. 

The osmotic concentration of the solutions was about 2.5 atmospheres, as 
calculated in advance. 

The tested osmotic concentration of the sand in culture pots, using the 
freezing-point method, showed that the concentration of sand treated with 
the solution was nearly the same as that of the original solution. 

With few exceptions all these values were below the calculated 2.5 
atmospheres. 

There was considerable difference between the action of Tottingham’s nutri- 
ent solution and that containing ammonium sulfate in the place of potassium 
nitrate. In the case of the Tottingham nutrient solution the concentration 
of sand treated with solution in the laboratory was lower than the concen- 
tration of the original solution. On the other hand, in the sand treated with 
the nutrient solution containing ammonium sulfate, the concentration, with 
few exceptions, was higher than the concentration of the corresponding original 
solutions. 

, These phenomena were attributed to selective adsorption of ammonia, 
which, leaving the acid radical behind, resulted in the formation of acid, 
which later became more ionized than its salt, thus causing a greater depression 
of the freezing-point than could be expected from the salt solution. 

The concentration values of the solutions, obtained by suction from the 
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pots at different periods of the experiment, did not vary considerably from 
those of the original solution. This indicated that the adsorption by sand 
was not the factor that could modify the concentration of the solution to 
such an extent as to cause even slight differences in plant growth. 

Ammonium sulfate, when substituted for potassium nitrate, resulted in a 
better yield of soybeans in certain salt proportions, than in the corresponding 
salt proportions with potassium nitrate, but caused considerable injury when 
added in excess. 

The foliage of the plants receiving ammonium sulfate, on the whole, had a 
greener color than that of the plants in the Tottingham series. 

The best cultures for the growth of tops in the Tottingham series were 
TsRiCi and TsRiCs, corresponding to 0.0156 m. mono-potassium phosphate, 
0.0049 m. potassium nitrate, O.OOv36 m. calcium nitrate, and 0.0290 m. mag- 
nesium sulfate in the former, and 0.0156 m. mono-potassium phosphate, 0.0049 
m. potassium nitrate, 0.0108 m. calcium nitrate and 0.0174 m. magnesium 
sulfate in the latter. 

The best cultures of the ammonium sulfate series was T3R1C3, which con- 
tained 0.0156 m. mono-potassium phosphate, 0.0036 m. ammonium sulfate, 
0.0188 m. calcium nitrate and 0.0174 m. magnesium sulfate. 

The best culture of the ammonium sulfate series gave a dry weight of tops 
35 per cent higher than that of the best culture in the Tottingham series. 

In the case of top yields, only two cultures in the Tottingham series gave 
results 110 per cent or more of the average, while twelve cultures gave 
90 per cent or less than 96 per cent of the average. In the ammonium sulfate 
series, twelve cultures were above and five cultures below this average. 

The variations from culture to culture with the change in the salt propor- 
tions were much greater in the ammonium sulfate series than in the Totting- 
ham series. 

Similar relations exist, in general, in the case of root development. How- 
ever, more cultures in the ammonium sulfate series gave root yields below 90 
per cent of the average than the number of cultures in the same series that 
gave top yields below 90 per cent of the average. 

There is a very close relation between the yield of tops, yield of roots, and 
the total transpiration of the plants. Increase in the yield of tops was followed 
by an increase in the yield of roots, and both these values were accompanied 
by increased transpiration. 

The water requirement (water required to produce 1 gm. of dry matter) 
of soybean tops in the cultures of the ammonium sulfate series was less than 
that in the corresponding cultures of the Tottingham series. 

In comparing the growth of soybeans in sand cultures treated with differ- 
ent solutions, as proposed by other authors, the order of magnitude of yields 
of tops was a,^ follows: ammonium sulfate series > Tottingham > Shive 
R5C2 > Crone > Knop. 

The author wishes to acknowledge his indebtedness to Dr. John W. Shive 
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(in whose laboratory the work has been done) for suggesting the problem, and 
for helpful advice, ever ready at the author’s disposal during the progress of 
the work. The author is also indebted to Dr. J. G. Lipman for the interest 
he has taken in the work, and for his assistance in interpreting the data. 
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During the past two years four articles have been published which deal with 
certain phases of recent work on soil acidity. The articles are: — “Acid Soils 
and the Effect of Acid Phosphate upon Them” by S. D. Conner; (2) “Acidity 
and Absorption as Measured by the Hydrogen Electrode,” by Sharp and 
Hoagland (6); “The Reaction of Soil and Measurements of Hydrogen Ion 
Concentration” by Gillespie (5) and “Liming and Lime Requirement of 
Soil,” by Ames and Scholenberger (1). Among the recent workers on and 
contributors to theories of soil acidity may be mentioned Cornu, Daikuhara, 
Frear, Gans, Harris, Macintire, Morse, Parker, Rice, Ruprecht, Saidel, 
Sullivan, Truog and Veitch. ' 

Acidity of soils is corrected by additions of lime. One of the most generally 
recommended forms of lime to apply is finely-ground calcium limestone con- 
taining as high as 44 per cent of carbon dioxide. All good agricultural prac- 
tices involve the addition of organic matter to the sqil. Soil organic matter 
is decomposed by bacteria with the production of immense amounts of carbon 
dioxide, and thus the effect of carbon dioxide upon soil acidity is worthy of 
investigation. The work of Coville (3, 4) and others has shown that organic 
matter is acid in reaction at certain stages of its decay. We are aware of no 
work that absolutely proves that this acidity is other than that due to car- 
bonic acid weakly held by the organic matter. 

The eTcperiraents reported upon here were designed primarily to obtain data 
on the effect of carbon dioxide additions to soil in relation to soil and plant 


Reaction of minerals *af ter extraction by carbon dioxide solution* 


ROCK OR MINERAL 

ORIGINAL REACTION 

REACTION AFTER TREATMENT WITH C02 

With water 

After addition of KCl 
solution 

Granite 

Alkaline 

Weakly acid 

Weakly acid 

Gneiss 

Alkaline 

Weakly acid 

Acid 

Hornblende Andesite 

Weakly alkaline 

Weakly acid 

Acid 

Basalt 

Strongly alkaline 

Weakly acid 

Weakly acid 

Feldspar 

Strongly alkaline 

Weakly acid 

Weakly acid 

Mica 

Strongly alkaline 

Acid ‘ 

Acid 


* From Ames, J. W. and Schollenberger, C. J. (1, p. 331). 
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the pots by dropping them a prescribed number of times. Distilled water 
was added to bring the moisture content up to half saturation and small 
pepper plants were transplanted into the pots. The soil was kept with a dust 
mulch and uniform moisture content throughout the entire investigation, 
extending from February 4 to December 5, 1916. The position of the pots 
was changed from time to time in such a way that each pot was in a position 
occupied by every other pot at least twice during the period of investigation. 

In each experiment there were nine pots — three which received no carbon 
dioxide application, three where the gas bubbled into the soil between 8.00 
a.m. and 4.00 p.m. and three where the gas was bubbled constantly into the 
soil. P'igure 1 shows the arrangement of the different experiments on the 



Fig. 2. Wagner Pot 

greenhouse bench, figure 2 shows a Wagner pot. A set of pots is shown in 
plate 1. Carbon dioxide applications were made to the soil from April 16 to 
the close of the investigation. The gas was applied, to each pot at the rate 
of approximately 650 cc. (under standard conditions) of gas per hour of 
treatment given. 

ACIDITY METHODS USED 

In making acidity tests two methods were used — that recommended by 
Veitch and that recommended by Hopkins, Pettit and Knox. In one experi- 
ment lime was added to satisfy the lime requirement as determined by the 
Veitch method; in another case one-half this amount was used; and in a third 
instance one and one-half times the lime requirement was applied. In both 
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methods special care was taken in titrating. The potassium nitrate used for 
the Hq>kins method was neutral to phenolphthalein. 


Analysis of soil 


Per cent 


Insoluble residue (1) 82.05 

KsOa) 0.41 

NakO(l) 0.36 

CaO(l) 0.44 

MgO(l) 0,79 

FejO, (2) 4.35 

AlgOiCl) 3.65 

P20*(3) 0.13 

SOiCl) 0.52 

Water (4) 2.31 

Volatile matter (4) 5.76 

Nitrogen (5) 0.19 

Total carbon (6) 2.12 

Inorganic carbon (7) 0.03 


(1) Solution and residue made by extracting soil on steam bath with hydrochloric acid 
(specific gravity 1,115) for 10 hours. Solution analyzed by usual procedures. 

(2) Determined volumetrically from acid solution with hydrogen sulfide as reducing 


agent. 

(3) Method of Goss. 

(4) Five-gram aliquot used and both determinations made on same aliquots. 

(5) Regular Kjeldahl. 

(6) Method of Ames and Gaither as modified by Schollenberger. 

(7) Method of Marr with dilute acid and vacuum as recommended by Ames of Ohio. 


Table 1 and figure 3 give the soil acidity as influenced by cropping, fer- 
tilization, lime, and carbon dioxide. The figures express parts of calcium 
carbonate per hundred parts of dry soil as determined by the Hopkins potas- 
sium nitrate method. It is noted that the acid soil increases in acidity when 
allowed to stand in the greenhouse with its water-holding capacity one-half 
satisfied. The increase in acidity of 350 pounds per million pounds of soil 
was more than the acidity of the soil at the start of the investigation. When 
the soil was cropped in experiment 1 an increase in acidity, slightly greater 
than where there was no crop, resulted. The carbon dioxide applications 
increased the acidity further. The constant treatment of carbon dioxide gave 
the greater increase in acidity. 

In experiment 2 we note that the lime without carbon dioxide gas prevented 
as large an increase in acidity, whereas carbon dioxide gas applications with 
lime gave greater increases in acidity. 

In experiment 3 the soil was fully neutralized according to the Veitch method, 
but gave almost as great an increase in acidity as where one application of 
lime was used. The extra application of lime prevented the increases in 
acidify duetto carbon dioxide treatments from being as great. 

In experiment 4 the triple application of lime and one application of phos- 
phorus gave smaller acidity increases where no carbon dioxide was applied. 



CARBONIC ACID GAS IN RELATION TO SOIL ACIDITY 


ISS 


TABLE 1 

Soil acidity as influenced by cropping, fertUizatioUf liming and carbon dioxide^ 



COl TREAT* 
IfBNT GIVEN 
PER DAY 

CaCQi 

ADDED 

ACIDITY AT 
END OP IN- 
VESTIGATION 

(hopkims 

METHOD) 

TOTAL IN- 
CREASE IN 
ACIDITY 

(hopeins 

method) 

INCREASE 
DUS TO COt 

Acid soil, no crop 

hours 

0 

0 oooo* 

0.0583* 

0 0350* 




Experiment I 


Acid soil, with crop ^ 

0 

8 

24 

0 0000 

0 0000 

0 0000 


H 


Experiment 2 

Acid soil, with crop, with single ap- 1 
plication of CaCOj j 

0 

8 

24 



0.0129 

0.0411 

0 0503 


Experiment 3 

Acid soil, with crop, with double ap- 1 
plication of CaCOa | 

0 

8 

24 

0.1540 

0.1540 

0.1540 


0 0120 
0.0216 
0.0277 



Experiment 


Acid soil, with crop, with triple ap- 







plication of CaCOa and single 


0 

0.2310 

0.0242 

0.0009 


application of phosphorus 


8 

0 2310 

0.0350 

0.0117 

0.0108 

Banner bone (di-calcium phos- 


24 

0 2310 

0.0333 

0.0100 

0.0091 

phate) 


0 

0.2310 

0.0324 

0.0091 


Acid phosphate 


8 

0 2310 

0.0456 

0.0223 




24 

0 2310 

0.0416 

0 0183 



Experiment 5t 


Acid soil, with crop, with triple ap- 
plication of CaCOa and single 
application of nitrogen 

Dried blood 


0 

8 

24 

■ 

■ 

0 0082 

0 0164 

0 0221 

0 0082 
0.0139 


f 

0 

0.2310 

0.0321 

0.0088 


Sodium nitrate * 


. 8 

0.2310 

0 0321 

0.0088 , 

0.0000 


24 

0.2310 

0.0475 

0.0242 

0.0154 
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TABLE 1— ‘(Continued) 
Experiment 5 A § 




COl TREAT- 
MENT GIVEN 
PER DAY 

CaCO» 

ADDED 

ACIDITY AT 
END OP IN- 
VESTIGATION 
(HOPKINS 
METHOD) 

TOTAL IN- 
CREASE IN 
ACZDITY 
(HOPKINS 
METHOD) 

INCREASE 
DUE TO COl 

Acid soil, with crop, with triple ap-' 
plication of CaCO • and approxi- 


0 

0 2310 

0 0227 

0.0004 


mately one-half application of 


8 

0.2310 

0.0318 

0.0085 

0.0081 

nitrogen in form of sodium ni- 
trate 


24 

0.2310 

0.0365 

0.0132 

0 0128 


* Single application of lime equals 770 parts CaCOs per million of dry soil. 

Single application of phosphorus equals 501.5 parts per million of dry soil. 

Single application of nitrogen equals 235.6 parts per million of dry soil. 

Acidity of soil used for investigation 0.0233 (by Hopkins) and 0.1540 (by Veitch) parts 
of CaCO* per 100 parts of dry soil. 

t Figures express parts CaCOi per 100 parts of dry soil. 

X In experiments 4 and 5 comparisons were made between different carriers of phosphorus 
and nitrogen. / 

Two pots in each set of three received Banner Bone and one acid phosphate in experi- 
ment 4. 

Two parts in each set of three received dried blood and one sodium nitrate in experiments. 

§ COa treatment started 20 weeks later than in other experiments. 



Hours of Cft Trertment c/yen per Day 


Fio. 3. AclBiTy Changes Due to Cropping, Liming, Fertilization and Carbon Dioxide 
♦ I'reatments 
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This might have been due to the extra application of calcium carbonate. The 
increases in acidity with Banner Bone were much less than where acid phos- 
phate was used. The increases in acidity due to carbon dioxide applications 
were less with both phosphorus carriers under constant carbon dioxide treat- 
ments than they were with the intermittent carbon dioxide treatments. The 
increases due to carbon dioxide were practically the same with Banner Bone 
as they were with acid phosphate. 

The effects of carbon dioxide in increasing soil acidity where dried blood 
and sodium nitrate were compared as nitrogen carriers are given under experi- 
ment 5. With no carbon dioxide treatment the increases in soil acidity were 
practically the same for dried blood and sodium nitrate. With the intermit- 
tent carbon dioxide treatment there was practically double the total increase 
with dried blood that there was with sodium nitrate. With the constant 
carbon dioxide treatment the total increase was slightly greater where sodium 
nitrate was used. This made the increases due to carbon dioxide practically 
the same where constant carbon dioxide treatments were given, but no in- 
crease and 82 pounds increase with the intermittent gas treatments. 

Experiment 5-A is a test of one pot in each case to determine if results would 
be greatly different if smaller amounts of sodium nitrate were used. It is 
noted that there is practically no increase in acidity without the carbon dioxide 
treatments but that acidity is increased by both carbon dioxide applications. 

Figure 4 gives the acidity titrations in cubic centimeters of N/10 sodium 
hydroxide in relation to the weights of ignited precipitates from the acidity 
solutions. These precipitates were obtained from the hot solutions by adding 
ammonium hydroxide after the sodium hydroxide precipitates had been dis- 
solved with hydrochloric acid and the solutions boiled. This graph would 
be a continuous curve or straight line instead of an oscillating graph if the 
treatments given this soil changed its acidity in proportion as the potassium- 
nitrate-soluble iron and aluminum changed. The graph shows that the 
Hopkins potassium nitrate method gives acidity results that can not be cor- 
related with the amount of aluminum in the soil that is in solution in presence 
of a normal salt of a strong acid and strong base. 

The ignited precipitates were composited by carbon dioxide treatments 
so that the effect of carbon dioxide applications on the composition of the 
precipitate could be determined. Weights and analyses of precipitates are 
given in table 2. 

There are many theories as to the nature of soil acidity, which may be 
classified in two groups: physical and chemical. Among the physical theories 
we have one depending upon what has been termed “selective adsorption,” 
where the soil is supposed to adsorb the basic portion of the compound. Of 
the chemical theories offered we find an explanation based on the existence 
of free acids in soils as the resultant of hydrogen-ion determinations and mass- 
action studies. In fact, some chemical theories of soil acidity take into ac- 
count the relative velocity of different chemical reactions. The data given 
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TABLE 2 


WetgAis and analyses of ignited precipitates 



CAUON DIOXIDC TRKATMENT PSS DAY 

0 hours 

8 bo irs 

24 hours 

Total weight of precipitate analyzed (gm.) 

0.2129* 

■■ 

0.2362 

Silicon dioxide — SiCh (per cent) 

9.34 

mmm 

8.68 

Ferric oxide— FejOs (per centj 

1.32 

1.09 

1.28 

Aluminum oxide — A^Os (by difference) (per cent) 

89.34 

91.40 

90.04 



jUZO ms .030 .035 040 .045 


WEIGHTS OF IGNITED PRECIP IT/RTE5 

IN BR^MS 

Fig. 4. REiAnoN Between Acidity Titrations and Weight op Ignited Material 
Precipitated from Acidity Solutions by Ammonium Hydroxide 
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in this paper support the chemical theories of soil acidity, inasmuch as differ* 
ent applications of a gas of definite composition (carbon dioxide), which is 
not only soluble in water but which combines with it, yielding hydrogen ions, 
caused differences in soil acidity. These differences in soil acidi^ have varied 
with different fertilizer and lime applications, both with and without carbon 
dioxide treatments. This leads us to conclude that the figures given by the 
Hopkins potassium nitrate method show that liming, fertilization, and carbon 
dioxide applications, both alone and in combination, have brought about 
different chemical reactions in the soil used. 

CONCLUSIONS 

1. Keeping soil at one-half its water-holding capacity in a greenhouse 
increased its acidity. 

2. Cropping soil kept at one-half its water-holding capacity increased its 
acidity. 

3. The increases in acidity of cropped soil were modified by different 
applications of calcium carbonate. 

4. The increases in soil acidity of cropped soil varied with different fertilizer 
applications. 

5. Carbon dioxide added to cropped soil, treated with lime alone or lime 
and fertilizer, increased its acidity. 

6. The results of these experiments support chemical theories as to the 
nature and causes of soil acidity. 

7. The changed reactions of this soil towards a neutral salt of a strong 
acid and a strong acid (KNOa) after subjection to the varied conditions of 
the experiment at least suggests that soil acidity is largely the result of 
hydrolytic mass action phenomena. 

The authors wish to make acknowledgment to Director C. G. Woodbury 
for permission to carry on this work. 
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INTRODUCTION 

In a recent investigation of the distribution of the organic nitrogen in the 
soil Morrow and Gortner (5) made the statement that “the humin nitrogen 
of protein origin actually present in the hydrolyzed soU may easily be a very 
small part of the nitrogen found.” It was shown that from 3.26 to 9.21 per 
cent of the total nitrogen was precipitated by calcium hydroxide. This did 
not represent true humin nitrogen since the calcium hydroxide precipitate 
did not contain any black substance formed by hydrolysis. The solution 
from which it was precipitated was colored only with ferric compounds. They 
therefore concluded that the organic material in this precipitate must consist 
of colorless organic compounds absorbed by or combined with the lime and 
that the nitrogen contained in this fraction must consist almost entirely 
of material of non-protein origin since in pure proteins the nitrogen retained 
in the calciiun hydroxide precipitate is supposed to consist entirely of deeply 
colored substances. 

Gortner (2) has shown that when fibrin is hydrolyzed in the presence of 
varying amounts of carbohydrates the humin nitrogen shows an increase. 
This indicates that a pure protein when hydrolyzed in the presence of an 
oxi dizin g agent such as a carbohydrate causes a redistribution of the fractions 
with an increase in the humin nitrogen. 

EXPERIMENTAL 

The problem 

We have made a study of the distribution of the nitrogen of a pure protein 
hydrolyzed in the presence of ferric chloride as an oxidizing agent. This 
compound was chosen because all mineral soils contain compounds of iron 
and it was thought that additional data might be obtained which would throw 
more light on the formation of humin nitrogen. 

, The material 

The study has been made on a pure prbtein. The protein selected was 
Merck’s fibrin from blood. 
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The method 

Duplicate analyses were made with fibrin and fibrin plus ferric chloride. 
In each case 3 gm. of fibrin were hydrolyzed in the presence of HCl (sp. gr. 
1.115) for 48 hours at gentle boiling. The calculated amount of hydrated 
ferric chloride equivalent to 30 gm. of anhydrous ferric chloride was added to 
one set of duplicates. The calculated* amount of concentrated hydroehloric 
acid was also added to the flasks containing the ferric chloride, so that the 

TABLE i 


Comparative analyses of 3 gm. of fibrin hydrolyzed alone and in the presence of 30 gm, of 

anhydrous ferric chloride 




3 Qif. nBRXN, NO FeCU 


3 oic. nBUN + 30 oil. FeClt 

NXTKOGEK 

Nitrogen (mgm.) 

Per cent of total N 


Per cent of total N 


I 


I 

II 

Average 

n 

II 

I 

II 

Average 

Total 

Ammonia 

H 

B 


10.53 

10.48 

0.4546 

0.0589 

0.4617 

0.0618 

12.95 

13.39 

13.17 

Acid-insoluble 
humin 




2.16 

2.13 



1.65 

1.67 

1.66 

Acid-soluble humin 
precipitated by 
Ca(OH), 


n 

1.04 

0.97 


0.0459 


10.09 

9.59 

9.84 

Phosphotungstic 
acid humin 


H 



0.64 

■ 

H 

1.01 


0.90 

Total humin 



3.35 

4.16 

3.76 



12.76 

12.04 

12.40 

Basic 




27.68 

26.44 



24.50 

23.21 


Arginine 



13.81 

13 46 

13.63 



13.53 


13.31 

Histidine 

Lysine 

None 

0.0499 

0.0023 

0.0585 






10.21 


None 

9.81 

Cystine 

0.0017 

0.0024 

0.37 



0.p035 


0.77 


0.74 

Amino, in bases 

0.0700 

0.0673 

15.43 

15.15 

15.29 

0.0688 


15.13 

15.36 

15.25 

Non-amino, in bases 

0.0443 

0.0557 

9.76 

12.53 

11.15 



9.37 

7.86 

8.61 

Filtrate from bases 

0.2726 

0.2671 

60.06 

60.10 

60 08 

0.2346 


51.59 


51.07 

Amino, in filtrate 
from bases 

0.2500 

0.2512 

55.08 

56.52 



mm 

45.68 

45.97 

45.82 

Non-amino, in fil- 
trate from bases. 

0.0226 

0 0159 

4.98 

3.58 


0.0269 

Ml 

5.92 

4. 55 

5.24 

Total recovered 

0.4494 

0.4554 


102,48 


0.4629 

0.4579 

101.85 

99.17 

100.51 


water of crystallization in the salt would not reduce the acid below constant 
boiling. The resulting hydrolysates were analyzed according to Van Slyke’s 
(6, 7) method. Instead of the single humin nitrogen fraction we have found 
it desirable to follow the suggestion of Gortner and Holm (3) and separate 
the htimin nitrogen into three fractions (a) acid-insoluble humin, (b) acid- 
sduble humin [precipitated by Ca(OH) 2 ] and (c) phosphotungstic add 
humin (predpitated by phosphotungstic acid). 
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The ‘‘acid-insoluble humin’’ was obtained by first diluting the cold hydroly- 
state with about an equal volume of water, filtering off the insoluble humin 
and washing until free of chlorides. A Kjeldahl determination gave the 
nitrogen content. After the removal of the acid-insoluble humin the acid 
filtrate was evaporated under diminished pressure until all the hydrochloric 
acid possible was driven off. Water, alcohol and a suspension of calcium 
hydrdxide were added and the ammonia determined in the usual manner. 
In the determination of the ammonia nitrogen from the fibrin plus ferric 
chloride, however, the distillation was continued for an hour, since it has 
been shown by one of us (5) that all the ammonia nitrogen was not driven off 
in a half-hour when the volume of the solution was large and a bulky pre- 
cipitate of hydroxide was present. The precipitate remaining in the distilling 
flask was filtered and washed free of chlorides. The samples to which ferric 
chloride was added were washed by decantation after the method previously 
described (5) for mineral soils. A Kjeldahl determination was made and the 
results recorded as “acid-soluble humin.” The filtrate from the acid-soluble 
humin was concentrated and diluted to 250 cc. volume. Two 25-cc. portions 
were used for the determination of the total nitrogen in the solution. The 
remaining 200 cc. of the solution were used for the precipitation of the diamino 
acids. The precipitation, washing and the decomposition were carried out 
according to Van Slyke^s directions. The washed precipitate of barium 
phosphotungstate was subjected to Kjeldahl analysis and the nitrogen was 
recorded as “phosphotungstic acid humin.” The remainder of the analysis 
was completed as directed by Van Slyke. All titrations were made with 
N/14 acid and alkali so that the figures obtained represented milligrams of 
nitrogen without the necessity of a calculation. 

Analytical data 

The distribution of the nitrogen both as regards grams of nitrogen in the 
different fractions and the percentages of the total nitrogen is shown in 
table 1. 


DISCUSSION 

It is observed from a study of the table that the hydrolysis carried out in 
the presence of ferric chloride gives a larger proportion of the nitrogen in the 
fraction precipitated by calcium hydroxide than with the fibrin hydrolyzed 
alone. This increase in the acid-soluble humin is of the same order as that 
previously found for the hydrolysate of soils and in this instance corresponds 
very closely to the decrease in the filtrate from the bases. 

In all probability the humin nitrogen precipitated by the calcium hydroxide 
from the soil hydrolysates was largely protein nitrogen instead of being of 
non-protein origin. There is no doubt, however, that some of this fraction 
must be due to non-protein material. Gortner (1) has shown that uric acid 
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nitrogen is distributed in all four of the major fractions after hydrolysis. 
Purine and pyrimidine bases are undoubtedly present in the soil organisms 
and a certain part of their nitrogen would be precipitated in the fraction under 
discussion. 

It seems evident from this investigation that the earlier conclusions of one 
of us (5) in regard to the humin nitrogen precipitated by calcium hydroxide 
from the soil hydrolysate were in part in error, and that in all probability 
a part of these colorless substances are derived from the filtrate from the bases. 

The origin of this acid-soluble humin derived from the filtrate from the bases 
may be due to one specific amino acid. It is known that ferric chloride oxi- 
dizes phenols, so that it is possible that the phenol group in tyrosine has re- 
acted here. 

The ammonia nitrogen fraction is increased when fibrin is hydrolyzed in 
the presence of ferric chloride. This is to be expected since the presence of 
ferric chloride elevates the boiling point of the liquid during hydrolysis. It 
has been shown by Henriques and Gjaldbaek (4) and Van Slyke (8) that 
when hydrolysis is carried out at a high temperature there is a transformation 
of some amino nitrogen into ammonia, indicating a deamination of some 
amino acids. 

As has been stated above, Gortner (2) has shown that if the weight of car- 
bohydrate material present during protein' hydrolysis greatly exceeds the 
amount of protein, an accurate nitrogen determination cannot be obtained. 
We have also shown that an exact determinaiion of the chemical groups in pro- 
teins cannot be expected when proteins are hydrolyzed in the presence of ferric 
chloride. 

These results have an important bearing on the application of Van Slyke^s 
method to soils. They would both be reactive in a soil hydrolysate and thus 
give erroneous values for nitrogen distribution even if all the nitrogen of the 
soils were contained in the form of protein. If we add to this the fact that 
non-protein nitrogenous materials are present, it is evident that the nitrogen 
distribution obtained on a soil hydrolysate has no relationship to those ob- 
tained on pure protein material. 

SUMMARY 

1. When a protein is hydrolyzed in the presence of ferric chloride an accu- 
rate nitrogen distribution cannot be obtained. 

2. There is a substantial increase in the ammonia nitrogen when hydrolysis 
is carried out in the presence of ferric chloride. This is due to deamination 
of some amino acids at the temperature of hydrolysis. 

3. The acid-soluble humin nitrogen increases at the expense of a correspond- 
ing loss in the filtrate from the bases. 

4. This investigation indicates that the earlier conclusion in regard to humin 
nitrogen precipitated by calcium hydroxide is incorrect. A part of this acid- 
soluble humin is of protein origin instead of being largely non-protein. 
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5. This study emphasizes the fact that much of the recent work on the 
organic nitrogen distribution in soils by the Van Slyke method is entirely 
unreliable. The data cannot in any way represent the distribution of pro- 
tein nitrogen in the soil. 

It is the intention of one of us to test the suggestion experimentally in regard 
to the origin of the acid-soluble humin nitrogen as soon as possible. 
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It has been known for a long time that certain species of plants are affected 
unfavorably by soil acidity or what is sometimes called a lack of lime, while 
in this respect other species are indifferent or may even be affected favorably 
by an acid soil condition or one of low lime supply. On this basis Contejean 
(5) made a botanical classification of plants under three genertil heads: viz,, 
the calciphile, or lime-loving, the calcifuge, or lime-avoiding, and the indif- 
ferent, While this system of classification may be valuable from a botanical 
standpoint, it is not adapted for use in a detailed consideration of the rela- 
tion of soil acidity and lime to our common agricultural plants, for with a few 
exceptions all of these plants grow best on soils well supplied with lime. This 
point is further emphasized by Hilgard (22) who has frequently called atten- 
tion to the adage, — ^^A limestone country is a rich country,” and also the 
statement of Hall (17) that any soil containing less than 1 per cent of calcium 
carbonate will be benefited by liming. The beneficial effects of liming soils 
on agricultural plants are often due partly to indirect actions of the lime, in 
which case the use of the term calciphile, or lime-loving, might carry the wrong 
impression as to the mode of action of the lime. 

In this connection it is interesting to note that recent experiments by 
Pipal {33) of the Indiana Station and White (47) of the Pennsylvania Station 
show that sorrel {Rumex Acetosella) which is commonly supposed to be a 
lime-avoiding plant is really benefited by liming. As they and also Frear 
(7) and others have indicated, sorrel is usually found growing on very acid 
soils because there it meets with the least competition from other weeds and 
also field crops. It would be found growing even better on limed soils were 
it not that here other more vigorous plants grow so well that they crowd out 
the sorrel. Undoubtedly, competition working in conjunction with soil 
acidity or alkalinity in the way just indicated has a. marked influence on the 
powers of different species of plants for establishing and maintaining them- 

' Published with the permission of the director of the Wisconsin Agricultural Experiment 
Station. This is the first number of a series of articles on the subject of soil acidity. These 
investigations were made possible through the support and encouragement of Professor A, R. 
Whitson, chairman of the Department of Soils. The writer is indebted to Professors H. W. 
Ullsperger, W. W. Weir and L. F. Graber for suggestions regarding practical aspects of this 
subject. 
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selves under natural conditions (18) and thus has affected the character of 
the native vegetation found in many regions. 

Another method of classification of plants, especially the economic ones, 
which has been used to some extent in this connection is the division into 
acid-tolerant, acid-intolerant and indifferent. This method of classification 
has spme desirable features as well as some undesirable ones. It is liable to 
carry the impression that the acidity of the soil actually attacks the tissues of 
the plant roots, which, as will be indiqated later, is undoubtedly seldom the 
case. Moreover, it tends to minimize or detract from the importance of 
factors which operate in an indirect way, and which are sometimes the con- 
trolling ones. 

The subject of the relation of soil acidity to the growth of plants is really 
so complex that it seems almost impossible to get a simple system of classifi- 
cation of economic agricultural plants that may be adapted for general use 
in this connection. The detailed consideration of the harmful effects of soil 
acidity which follows will bring this out more clearly and forcibly. A con- 
siderable number of reasons have been suggested or put forward at various 
times as to the way in which soil acidity injuriously affects the growth of 
plants. These may be classified under the following heads: 

A. The indirect and general influence of soil acidity on plant growth due to its effect on: 

1. The general fertility of the ioil. 

2. The prevalence of plant diseases. 

3. The competitive powers of different species of plants. 

B. The direct and specific influence of soil acidity on plant growth due to its effect on: 

1. The supply of available calcium needed by plants as direct plant-food material. 

2. The symbiotic nitrogen-fixing bacteria of the legumes. 

3. The root tissues of plants. 

A. THE INDIRECT INFLUENCE OF SOIL ACIDITY ON PLANT GROWTH 
L Effect on the general fertility 

It is generally recognized that soil acidity has marked unfavorable influences 
on the general fertility of soils. These unfavorable influences are due to the 
effects of soil acidity on the physical, biological and chemical conditions and 
processes of soils. 

The physical condition of clay soils, especially, is generally known to be 
affected unfavorably by an acid condition, due to an insufficient supply of 
calcium bicarbonate in the soil solution to keep the clay particles flocculated 
(16), which condition is necessary for the highly desirable granular or crumb 
structure. In sandy soils the presence of lime carbonate probably improves 
the physical condition by acting as a binding agent. In improving the physi- 
cal condition of soils in these ways, the presence of lime carbonate thus 
indirectly hdps in the proper regulation of the air and moisture supply of 
soils, which, in turn, is the fundamental basis for developing the proper bio- 
logical and chemical conditions of soils. 
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It is fully recognized at present that for nearly all crops an acid soil condi- 
tion is unfavorable to the highest development of the desirable biological 
conditions and processes of soils. Nitrification and all forms of nitrogen 
fixation are often markedly checked by an acid condition. Soil acidity by 
checking these processes acts as a preservative of the organic matter of soils, 
and thus prevents or delays the liberation of the plant-food elements bound 
up in the organic matter itself, as well as the elements in the mineral matter 
which would be made available by the action of the products of decomposing 
organic matter. Toxic organic substances may also be preserved (43) and 
thus tend to accumulate to a harmful degree in acid soils much more than 
in the non-acid ones. 

By direct chemical reactions, as Sykora and the writer (43) have shown, 
lime carbonate may precipitate and thus inhibit the action of substances toxic 
to plants. In fact nearly all the chemical reactions which take place in soils 
are affected unfavorably in regard to fertility by an acid condition. 

Under an acid soil condition, the soil phosphorus in particular eventually 
appears to become less available (38) as a result principally of two reasons: 
viz., (a)the gradual conversion of the soil phosphorus from calcium phosphate 
into iron and aluminum phosphates, in which condition the phosphorus 
becomes with time less and less soluble (42) in the soil solution; and (b) the 
formation of physical and perhaps chemical complexes of the phosphates 
with the acidic organic matter (31), in which condition the phosphorus is of 
low availability because of the very slow rate of decomposition, under acid 
conditions, of the organic matter, which serves as a protective layer physically 
and chemically. The addition of lime sometimes retards the immediate 
effectiveness of insoluble phosphate fertilizers (42), but this is undoubtedly 
only a temporary condition.^ 

Not only the phosphorus but practically all the soil elements are probably 
affected as to solubility and availability by the reaction of the soil, whether 
acid or alkaline. From a purely chemical standpoint it would seem that 
some elements, namely, calcium, magnesium, sodium and potassium would 
become less available when tlie soil becomes acid, while a second group of 
elements, namely, iron, aluminum, manganese, copper, zinc and other heavy 
metals, would become more soluble and available. The elements of the first 
group, especially calcium, constitute the great regulators of the reaction of 
the soil solution. There are three main reasons why the availability of the 
first group of elements is usually lowered when a soil becomes acid: viz., 
(a) the supply of these elements in the form of various compounds becomes 
less as soil acidity develops; (b) the soil solution must compete for these ele- 
ments with the insoluble soil acids causing soil acidity; and (c) the possibili- 

* The addition of lime to acid soils sometimes retards the growth of immediately following 
crops which have low lime needs> like oats, wheat and corn. This is due to temporary con- 
ditions which soon disappear and the lime then greatly benefits these crops as well as those 
with high lime needs. 
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ties of solution of these elements are lessened by a lowering of the biological 
activities which results from soil acidity. 

A lowering in availability and concentration in the soil solution of the first- 
named group of elements in the form of carbonates, especially calcium, is 
favorable to an increase in solubility and concentration in the soil solution 
of the second-named group of elements. This is due to the fact that the 
carbonates of the first group, especially calcium, act as precipitating agents 
for the elements of the second-named group which might otherwise be in 
solution in the form of various soluble salts. Soil acidity is thus favorable 
to a high solubility in the soil solution of the second-named group of elements. 

Soil acidity may thus in some cases indirectly affect fertility by limiting 
the availability of the potassium. Besides neutralizing soil acids which other- 
wise compete with the soil solution for potassium, the addition of lime may 
possible in some cases, as has been often assumed, displace potassium in 
insoluble compounds, and thus make it more available (30), although the 
recent investigations of Briggs and Breazeale (4) and also others do not sup- 
port this assumption. 

The addition of lime may also make the magnesium more available in the 
same ways as potassium. This addition of lime to acid soils may in some 
special cases, where the percentage of magnesia much exceeds that of lime, 
result in a more favorable lime-magnesia ratio. It is to be noted, however, 
that an acid soil condition probably lowers the solubility of the magnesia in 
the soil solution much more than of the calcium oxide, because of the much 
greater aflSnity of magnesia (27) for the insoluble soil acids. This is further 
substantiated by the fact that in most cases dolomitic limestone gives good 
results when used on acid soils. 

With respect to availability or solubility, sodium is affected in practically 
the same way as potassium, but as regards fertility this is of little importance. 

Of the group of elements whose concentration in the soil solution is de- 
creased (29) by the addition of lime to acid soils, iron is one of the most impor- 
tant. This decrease is desirable in that it lessens the chances for the forma- 
tion of iron phosphate. However, on the other hand, in certain cases an 
excess of lime may lower the concentration of iron in the soil solution, or the 
permeability of the root hairs, so much that certain plants like the pineapple 
(13, 14, 24) and certain varieties of the lupine (32) actually suffer from a 
lack of iron and become chlorotic, although other plants are not seriously 
affected unfavorably. 

Considerable amounts of manganese have been noted by the writer in the 
soil solution of certain acid soils. When lime was added to these soils the 
manganese Was not found in any considerable amounts in the soil solution 
because of the fact that an alkaline condition is favorable for its precipitation* 
As the writer (42) has previously indicated, this high manganese cohtent of 
the soil solution of acid soils may possibly in some cases act injuriously on 
certain plants, because of a high absorption of this element. This idea is 
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supported by the investigations of White (47) which show that the addition 
of lime to acid soils lowers the manganese content of clover and sorrel grown 
thereon. The investigations of Wilcox, Kelly (48) and Johnson (24) empha- 
size the importance of these manganese relations. 

An acid condition is also favorable for the formation of soluble aluminum 
salts (29) which are believed to be toxic (34) to plants. Hartwell and Pember 
(20) place considerable emphasis on this indirect effect of soil acidity. The 
investigations of the Indiana Station (1) on an acid, peaty soil indicated that 
aluminum nitrate was present in sufficient amounts in the soil solution of 
this soil to be decidedly toxic to plants. The addition of lime resulted in a 
precipitation of the aluminum and a prevention of the toxic action. The 
use of ammonium sulfate without lime may result in the formation of con- 
siderable aluminum sulfate which is toxic to plants. Cases of soil acidity in 
which soluble aluminum salts accumulate in seriously toxic amounts are, 
however, probably quite exceptional. Acid peaty and sandy soils and others 
that have received considerable ammonium sulfate or other sulfates and 
chlorides are most liable to develop a toxic condition in this respect as a result 
of the solubility of aluminum under these conditions. Silt loams and clays, 
because of the high “buffer^’^ effects of their large amounts of colloidal matter, 
undoubtedly largely overcome toxic influences of this kind. 

Copper, zinc and other heavy metals if present in the soil in appreciable 
amounts, either naturally or as a result of their addition in various ways, 
may become soluble and toxic especially under acid conditions. 

As has been shown by Sykora and the writer (43) the addition of lime 
prevents the toxic action of soluble copper salts. This is probably effected 
by precipitation of the copper as the insoluble carbonate. Undoubtedly 
the toxic effects in acid soils of zinc, lead and some others of the heavy metals 
may be prevented by liming in the same way as with copper. This relation 
of acidity and lime to possible toxic effects of strong mineral acids and heavy 
metals is probably a point of considerable importance in certain mining 
regions where smelter fumes or other waste materials are brought to the soil 
or where soils have received considerable amounts of certain fertilizers, soil 
amendments or spray materials. 

2, EJfect on prevalence of plant diseases 

In this connection it is important to note that certain fungous diseases 
like “finger-and-toe’^ develop to a harmful extent only in acid soils, while 
other plant diseases like the potato scab are most serious in recently limed 
soils, and hence at least slight acidity is desirable under many conditions for 
potato growing. Aside from the cases known to have a direct relation to 

*The usual meaning of the term ^‘buffer” is given in a footnote page 177. It is used 
here in a general sense as applying not only to H-ion concentration, hut to the concentration 
of all the constituents in the soil solution. 
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plant diseases, there are a few special plants like the cranberry, blackberry 
and water-melon (19) for which a soil of at least slight acidity seems desirable 
and in some cases necessary for the best growth. It is not known just why 
these plants grow better on an acid soil, but it seems possible that in some 
cases plant diseases or mal-nutrition due to a lack of iron where lime is added 
may again be factors. 


3. Effect on plant competition 

The influence of soil acidity or alkalinity on the competitive powers of 
different species of plants for establishing themselves and crowding out others 
has already been discussed and its method of operation explained. Under 
native conditions or in case land is left in meadow or pasture for a consider- 
able number of years (18) this influence may be a factor of considerable impor- 
tance. However, under most farming conditions, which are the primary 
concern of this paper, this form of competition is largely eliminated by culti- 
vation, and hence need not receive further consideration in this discussion. 

General considerations 

While it is thus possible to find a few (comparatively very few) cultivated 
plants that for direct or indirect reasons actually grow better on acid soils 
than on neutral or alkaline ones, yet it is most important to note that nearly 
all of our important agricultural plants grow best on neutral or alkaline soils. 
Reasons have been given why the general fertility of soils is affected favorably 
by the use of lime on acid soilsj but in perhaps 95 per cent of the actual cases 
of soil acidity there is a vastly more important specific influence on certain 
plants and there always remains the important question, — why are some of 
the important agricultural crops affected very much more than others by an 
acid condition and benefited so much more than the others by the use of 
lime? For example, why is alfalfa affected more by an acid condition than 
is oats, or even medium red clover, and why are sugar beets affected much 
more than potatoes? Apparently these very important differences are not 
fully explained by the considerations already given regarding the general 
fertility of the soil, plant competition or plant diseases. In order, therefore, 
to explain these differences a number of possible direct and specific influences 
of soil acidity as4already outlined have been suggested at various times. 
These will now be considered, 

B. THE DIRECT AND SPECIFIC INFLUENCE OF SOIL ACIDITY 
1. Effect on avaUability of calcium 

The influence of soil acidity on the supply of available calcium which is 
needed by plants as direct plant-food material has been suggested to explain 
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at least in part the question under consideration. Brief reference to this has 
already been made under the head of general fertility, but because of the 
special direct relations of certain plants it is now taken up again and considered 
more fully. As has been explained, when soils become acid the supply of 
available calcium in all forms becomes less. That the supply of calcium as 
plant-food material is not often the limiting factor in acid soils is shown by 
the fact that the addition of calcium sulfate (19) does not supply the defi- 
ciency of these acid soils. Calcium enters the tissues of plants as a necessary 
constitutent or integral part to only a very small extent. Large amounts are 
found, however, in many plants in combination with organic acids which are 
probably by-products of vital life processes. Only calcium in the form of 
the carbonate or in forms that pass over to the carbonate in the soil meet 
this special large requirement of certain plants, and hence the calcium as the 
carbonate seems to be needed directly by these plants for other uses than as 
plant-food material. These other uses are discussed in detail beginning on 
page 179. 


2. EJ^ect on symbiotic nitrogen-fixing bacteria 

Since some of the principal legumes are usually greatly benefited by the 
liming of acid soils, the statement is commonly made that these legumes are 
sensitive to acidity or are acid intolerant because the nitrogen-fixing bacteria 
of these legumes are unable to do their work satisfactorily under acid soil 
conditions. The fact that certain non-legumes are just as injuriously affected 
by acid soil conditions as certain legumes is evidence that the action of these 
acid conditions need not necessarily be directly on the legume bacteria which 
live in the nodules. 

In regard to this matter Wheeler (46) has pointed out the fallacy of the 
common notion in the following words: “On account of a lack of sufficient 
appreciation of these conditions, the agricultural press and even scientific 
publications often contain statements to the effect that legumes are in great 
need of liming, in order that they may develop root nodules and properly 
assimilate atmospheric nitrogen. Nevertheless the Southern cowpea, serra- 
della, and certain of the lupines are likely to be injured by heavy liming.” 

Since the legume bacteria live actively in the nodules, the normal medium 
of these bacteria would seem to be one which is acid to a certain degree, inas- 
much as the nodules are in direct connection with the rest of the plant whose 
circulatory sap is known to be acid. Contrary to the common statement 
that these legume bacteria require an alkaline medium for active develop- 
ment, it thus appears that they thrive in a medium which is acid to a certain 
degree, and as the data of Fred and Graul (8) show, even the alfalfa bacteria 
fix nitrogen to a considerable extent in some acid soils. 

There is, however, a time when an acid condition of the soil directly affects 
the legume bacteria^ and that is while they are still in the soil prior to the 
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symbiotic relationship with the plant. The writer has noticed that in case 
a soil is quite acid, the acidity seems to prevent or delay the plants in becom- 
ing infected with the bacteria even though the soil has been thoroughly inocu- 
lated with the proper bacteria. Fred and Loomis (10) have shown that when 
the acidity of media reaches a certain degree the multiplication of alfalfa 
bacteria is greatly lessened, and hence it is reasonable to believe that an acid 
condition of the soil affects the acivity, multiplication, rate of movement and 
hence distribution of the legume bacteria in the soil itself in such a way that 
the chances for infection of the plant are greatly lessened. This may be due 
partially to the effects of an acid condition in retarding the neutralization 
and decomposition of acidic and toxic products, and on the nature and supply 
of available phosphates (39) and other food material. Phosphates (9) espe- 
cially are known to have a decided effect on bacterial activity. The supply 
of calcium carbonate and bicarbonate in the soil solution is generally known 
to affect greatly the activity of the soil bacteria. This supply is directly 
affected by an acid condition of the soil. 

Frequently in pot cultures of alfalfa on acid soils it happens that at first 
only one or a few plants become infected even though the soil had been thor- 
oughly inoculated. These plants that become infected grow much more 
rapidly and become much darker in color than the uninfected ones indicating 
that if the legume bacteria once gain entrance to the plant, they are able to 
fix nitrogen fairly energetically even though the soil is quite acid. 

The specific influence of soil acidity on the growth of plants thus does not 
appear to be due to a direct action on the symbiotic nitrogen-fixing bacteria 
in the nodules. 


3. Efect on the root tissues of plants 

The injurious influence of soil acidity on the growth of certain plants is 
sometimes assumed to be due to the toxic or destructive effect of the soil 
acids on the root tissues of the plants. The following statement taken from 
a w^ell known textbook (26) of soils illustrates this point: 

Free acids are toxic to most agricultural plants. Some plants are much more sensitive 
than others. Alfalfa, for example, should have a slightly alkaline medium for its best growth, 
and any acid is very injurious. 

Why an acid should be more toxic or destructive to alfalfa roots than to 
clover roots, or to barley roots than to oats roots, is certainly neither easily 
explained nor plausible from a chemical or physiological standpoint. Since 
the sap of practically all plants is acid, and often more acid than the soil 
solution of the common acid soils, the fallacy of the contention that soil 
acid5 often* directly affect the root tissues at once becomes apparent. The 
consideration Which immediately follows brings this out clearly. 
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In an investigation of the acidity* (H-ion concentration) of the plant sap 
of a number of agricultural plants, M. R. Meacham® and the writer found 
that this varies at least between the H-ion exponents of 4.0 and 6.0, or in 
other terms between the acidities represented by 1/10,000 N and 1/1,000,000 
N solutions. The addition of lime to acid soils usually caused a slight lower- 
ing in the acidities of the saps of plants grown on these soils. Determination 
by N. E. Loomis® and the writer of the H-ion concentrations of soil extracts 
from a considerable number of the common cultivated acid soils of Wisconsin 
of varying degrees of acidity gave a range of H-ion exponents of 4.5 to 8.0. 
Similarly, in an investigation of a considerable number of acid and alkaline 
soils, Gillespie (15) found a range of H-ion exponents of 4.4 to 8.6, and Sharp 
and Hoagland (35) a range of 3.7 to 9.7. It is thus apparent that the acidity 
of the plant saps is of the same order as that of the water extracts of acid 
soils, and hence it is not to be expected that the acidity of the soil solution 
often becomes high enough to be directly seriously toxic or destructive to 
the plant roots. 

The similar and in most cases restricted range of H-ion concentrations of 
plant saps and soil solutions indicates that similar processes are probably at 
work in the two cases because of certain analogous conditions which exercise 
a regulatory function in this respect. Since proteins are amphoteric^ and 
exert a tremendous buffer'^ effect on solutions which bathe them, it is readily 
explained why the sap of most plants has a rather restricted range of H-ion 
concentrations. Similarly, the soil constituents, especially the colloidal 

^ The reader is reminded that acidity expressed in terms of H-ion concentration refers 
only to what is sometimes called acidity resulting from the ionized part of the acids. 

In many chemical processes and especially in biological acitivity, it has been shown that the 
effects of acidity are usually due largely to the ionized acidity of H-ions. This does not, 
however, preclude marked effects from un-ionized acidity in certain cases. 7'he reader is 
also reminded that Sorensen’s (37) method of e.xpressing H-ion concentrations by means of 
Il-ion exponents which is used here is interpreted as follows: 

The exponent expres.sed is the negative exponent or power to which 10 must be raised in 
order to give the H-ion concentration in grams per liter. Thus* — 

Exponent 1 0 meahs 10 ^ or H-ions per liter or N acid. 

P:xponcnt 5.0 means 10~“ or ,oo\oo6 gm. H-ions per liter or i,h),\»()o N acid. 

.^n exponent of 7.0 which is that of pure water designates neutrality while one greater 
than 7.0 designates alkalinity, and one less than 7.0 acidity. The character Th- proposed 
by Sorensen is sometimes used to designate the expression — H-ion exponent, or power. 

* A detailed account of this work will be given in the succeeding numbers of this series of 
articles on Soil Acidity. 

^ The term “amphoteric” applies to substances which like the proteins may act as either 
acids or bases to indicators or the suiTOunding solution. Colloidal soil constituents like 
organic matter, acid silicates, kaolin, phosphates, iron and aluminum salts and oxides and 
many others are amphoteric to the soil solution. As the soil solution tends to become more 
acid these amphoteric substances prevent any rapid change by combining with the acid 
and also by giving up base to the solution. 

^ The term “buffer” refers to substances which tend to preserve the original H-ion con- 
centration. Salts in solution as well as colloidal matter may act as buffers. 
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organic and inorganic matter, exert a tremendous buffer effect on the H-ion 
concentration of the soil solution and in this way restrict and regulate this 
concentration or acidity to such an extent ^that the soil solution is usually 
not acid enough to be directly toxic or destructive to plant root tissues. As 
the writer (41) has previously pointed out the action of other plant toxins 
is also inhibited in this way. 

The work of Hartwell and Pember (21) of the Rhode Island Station indi- 
cates that an acidity of 1/5000 N, HCl, or less, which it is to be noted is more 
acid than the water extracts of most, very strongly acid soils, has no apparent 
injury on oats, rye, wheat and barley seedlings. These investigators also 
observed that although barley gains more than rye through the addition 
of lime to acid soils, yet it is not more sensitive directly to acidity, although 
it does appear to be to aluminum (20) salts. 

Gedroitz (12) also made investigations along this line with water cultures 
and found the following order of acid resistance beginning with the least 
resistant: flax, mustard, vetch and barley. Thus barley, although less sen- 
sitive directly to acidity, usually responds more to liming than flax, again 
indicating that the so-called acid intolerance is not due to a direct action of 
the soil acids on the plants. The acidities which the different plants with- 
stood without injury varied from 1/1000 N to 1/5000, N solutions. 

In carefully controlled experiments, Hoagland (23) recently found that a 
culture having an acidity expressed by an H-ion exponent of 5.2 is very favor- 
able for the growth of barley, and he states that it would appear from these 
experiments that acid soils with an H-ion concentration of 0.8x10”^ (H-ion 
exponent of 5.1) or less would not be injurious to plants of the cereal group 
because of excessive acidity. 

In certain unusual cases of very strongly acid soils, especially peats and 
sands, it is possible that the acidity of the soil solution may be high enough 
to affect the plant directly to a serious extent. The writer has on several 
occasions noted a depression in growth following the addition of soluble 
fertilizer salts to an unlimed, strongly acid soil. The addition of a salt like 
K2SO4 to an acid soil results, of course, in an increased acidity of the soil 
solution due to the partial removal of the base by the insoluble soil acids and 
the liberation of an equivalent amount of free sulfuric acid, or acid sulfate, 
which being soluble, exerts a much stronger action on the plant than the 
original insoluble soil acids, and may also increase the soluble aluminum or 
other salts to a toxic concentration. 

It should be noted in this connection that the soil solution in contact with 
growing plant roots is continually drawn on for nitrates, phosphates and sul- 
fates and receives in return carbonic acid. This not only lowers the possible 
concentration of soluble mineral acids in the immediate region of the absorb- 
,ing roots, but the carbonic acid, together with that liberated from decompos- 
ing oigank matter and biological life, acts on the soil silicates and forms a 
certain amount of carbonates which undoubtedly have a regulatory influence 
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on the acidity of the soil solution, especially in the immediate region of the 
feeding roots, in the same way a^ they are known to have in other mediums. 
That this carbonic acid really acts to a considerable extent as a regulator 
of the acidity of the soil solution of acid soQs is indicated by the fact that 
when even very strongly acid mineral soils are extracted with carbonated 
Water, there is obtained an extract which on boiling is alkaline to phenol- 
phthalein. 

General considerations 

In most of the common cases of soil acidity it thus appears that the specific 
harmful influence of the acidity on certain plants is usually not due in any 
large degree to any of the three suggested reasons which have just been dis- 
cussed. What appears to the writer to be the most probable way in which 
this specific influence is exerted will now be discussed and explained in detail. 

THE LIME REQUIREMENTS OF PLANTS 
Definitions 

The designation *4ime requirement of soils’’ has been a common method 
of speaking of the apparent amount of acidity in soils, but as will be indicated, 
it is much better to speak of the degree of acidity of soils or acidity directly 
in some appropriate terms, and use the expression “lime requirement” in 
reference to plants and not to soils. 

The expression “lime requirement of a soil” has usually been understood 
to mean the amount of lime needed to neutralize the total acidity of the soil, 
and it has also been quite generally believed that enough lime should be used 
in practice to neutralize all of this acidity. As the writer (44) has previously 
indicated, the total acidity of a soil may be very great — much greater than 
has generally been supposed — and yet in practice it is only necessary to neu- 
tralize a small fraction of the total acidity. The amount of lime that can 
be most profitably used on an acid soil depends not only on the degree of 
acidity but also on the crop to be grown and the fertility of the soil. Thus 
the expression “lime requirement of an acid soil” must either have reference 
to the total acidity of the soil, or if it is to have reference to the amount of 
lime which should be applied, then, for any particular soil, it is a varying 
quantity depending on the crop to be grown. As is readily seen, this method 
,of expression leads to a great deal of confusion. Fortunately, this confusion 
can easily be avoided by adopting a simple method of expressing the degree 
of acidity of a soil and using the expression “lime requirement” in reference 
to plants instead of soils. 

As the writer (42) has previously indicated, it is usually because the actual 
lime needs of a plant are not fulfilled that soil acidity exerts a specific in^*urious 
influence on certain plants, and not because the acidity is directly toxic or 
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destructive. Lime is needed by plants for at least two purposes: viz., (1) 
to furnish the comparatively small amounts of calcium needed as an indis- 
pensable constituent of plant substances, in which case it is regarded as a 
plant-food material; and (2) to act as a neutralizing and precipitating agent 
of the acids in the plant sap, which are formed as by-products of vital phe- 
nomena. Undoubtedly calcium salts of different kinds are suitable for 
furnishing the calcium needed for the first purpose, but only the carbonate 
or bicarbonate are suitable for the second purpose. It is undoubtedly for 
this second purpose that a large part of the calcium found in plants is used, 
especially in the case of plants which require exceptionally large amounts of 
calcium. 

The expression ‘Time requirement of a plant’' has been used in a general 
way, but because of insufficient knowledge regarding the relation of soil 
acidity and liming to plants it has not been clearly defined. It has often 
been used in referring in a general way to the relation of plant growth to the 
lime supply of the soil. In order to avoid confusion as to what is meant in 
the discussions that follow, the writer gives the following definition: The 
expression ^Hime requirement of a planV^ refers to the actual lime needs of the 
plant itself, especially as to the ease and rate at which lime must be secured from 
the soil by the plant for normal growth. Thus if a plant has a high lime require- 
ment, then the solution and delivery must be easy and rapid in order to 
meet the needs of the plant. If a plant has a low lime requirement, then the 
rate of solution and delivery need also be only low. As is easily seen the 
rate at which lime must be secured is determined by the lime content and 
rate of growth of the plant, and the case with which it must be secured is 
determined by the feeding power of the plant for lime. The factors which 
determine the lime requirement may thus be outlined as follows: 

1. Lime content of the plant. 

2. Rate of growth of the plant. 

3. Feeding power of the plant for lime. 

a. Extent of root system. 

b. Character of root system. 

c. Internal acidity of roots. 

d. Excretion of carbonic acid. 

It is to be clearly noted that not only the lime content but also the rate of 
growth and feeding power of a plant are factors that determine the lime 
requirement of a plant. The feeding power of a plant for lime depends largely 
on the extent and character of the root system. As is well known, the oat 
plant has a much more extensive root system than the barley plant and hence 
is also a much more vigorous feeder. Plants with fibrous and branching root 
^systems that extend and spread fully ^through the cultivated layer usually 
have a much stronger feeding power than the tap-rooted plants. Many 
variefe of alfalfa are tap rooted, and as is well known their rather low feed- 
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ing power compared with their rate of growth is reflected in the high fertility 
required for their successful growth. The clovers and some varieties of 
alfalfa, like Grimm, have a more profusely branched root system which 
enables them to be grown successfully on poorer and more acid soil. The 
deep tap-rooted plants, of course, withstand drought better. 

Another point in this connection which should be clearly noted is the dif- 
ference in absorbing or feeding powers of new and old roots. It is at or near 
the growing regions of the roots where most of the feeding takes place, and 
hence a plant, of which the cowpea is an excellent example, which grows 
rapidly and soon produces a fair root system, has a strong feeding power. 
A comparatively new and hence very active root system of this kind may 
have a stronger feeding power than a more extensive but older, hardened 
and less active system. It is probably for this reason that the cowpca is a 
much stronger feeder than medium red clover. The ability of a plant to 
grow rapidly on a poor soil is good evidence of a strong feeding power, and 
conversely, if a plant requires a very rich soil a weak feeding power is indicated. 

The investigations of Meacham and the writer previously referred to show 
that the internal acidity of some plants is considerably higher than of others. 
Buckwheat, which has a very high feeding power, as is shown by its ability 
to grow on poor soils, has a very high internal acidity which probably accounts 
at least partly for this high feeding power in spite of the rather restricted 
root system. A high internal acidity undoubtedly makes possible a mem- 
brane which is more permeable to calcium that is presented as the bicarbonate 
and also expedites the progressive passage of the calcium salt within the 
plant. The internal acidity of a plant may thus affect the feeding power 
even though appreciable amounts of the acids other than carbbnic are not 
excreted by the roots. Carbonic acid is, as is well known, excreted in large 
amounts by all plant roots. 

If these principles regarding the feeding powers of plants are now applied, 
it becomes evident that if a plant has a high lime content, grows rapidly and 
has a rather low or medium feeding power, then its lime requirement is very 
high. Of this, the alfalfa plant is an exceptionally good example. If a 
plant has a fairly high lime content, grows rapidly, but an exceptionally 
strong feeding power, then its lime requirement is only medium or low, as is 
the case with the cowpea and buckwheat. If a plant has a low lime content, 
a rapid rate of growth but an exceptionally strong feeding power, then its 
lime requirement is very low, as is the case with oats. 

The relation of soil acidity to the lime requirement of plants 

As has already been indicated, when mineral soils, even the strongly acid 
ones, are extracted with carbonated water there are obtained extracts which 
after boiling are alkaline to phenolphthalein, indicating that in the natural 
soil solution of even strongly acid mineral soils there is dissolved calcium 
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bicarbonate, especially in the region of active plant roots where considerable 
amounts of carbonic acid are produced. Acting on this suggestion, E. Hay* 
and the writer have devised a comparative method for extracting calcium 
from acid soils with carbonated water. Determinations were made with this 
method on a considerable number of acid soils and the results correlated with 
the growths that alfalfa made on these same soils when fertilized but not 
limed. This correlation revealed a marked parallelism between the growth 
of the alfalfa and the calcium that was extracted. This indicates that the 
specific injurious influence of soil acidity on alfalfa and perhaps certain other 
plants is due to the lack of sufficient calcium as the bicarbonate in the soil 
solution. In a previous publication the writer (42) pointed this out and 
explained the mechanism of the reactions involved as follows: 


When not disturbed, the soil solution comes to a state of equilibrium with the phosphates, 
silicates, carbonates, organic compounds and other solid compounds. In case a soil is acid, 
then solid carbonates in appreciable amounts are usually absent. Hydrolysis and carbona- 
tion are the principal processes that bring dissolved mineral substances into the soil solution. 

The equilibrium conditions between the carbonic acid in the soil solution and the solid 
insoluble soil acids and soil silicates may be taken to illustrate the point under discussion. 
The insoluble soil acids of the acid soil may be represented by H2X, and CaSiOs may be 
taken as a representative silicate. In the soil there are probably present acid silicates which 
in this system may replace either the soil acids or silicate. In this s)rstem of soil acids 
silicate and carbonic acid, the following reactions are possible. 

( 1 ) CaSiO. -f- 2H2CO. ^ HaSiO. 4 - CaH, (COi)t 

( 2 ) CaSiO, + HjX ^ HaSiOt + CaX 

( 3 ) CaHa(CO.), + H^X <=± 2H2CO, -f CaX 

As is evident from these reactions, the concentration of calcium bicarbonate in solution 
at equilibrium will depend upon, besides the concentration of carbonic acid and temperature, 
the amount of surface exposed by the calcium silicate and especially upon the amount and 
strength of soil acids present causing [soil acidity. If considerable amounts of relatively 
strong soil acids are present then the concentration and rate of formation and solution of 
calcium bicarbonate and delivery to the plant will be too low to meet the maximum need of 
growing alfalfa and certain other plants and hence the growths of these plants will be checked. 


The writer has found that the strength, or avidity, pf the active soil acids, 
as well as the amount, is a very important factor in affecting the amount of 
calcium bicarbonate extracted with carbonated water. The test which the 
writer (40) has devised for soil acidity gives a collective result called the degree 
of acidUy which embodies a measure of both the strength and amount .of active 
acids present, in a soil. It is thus especially well adapted in the practical 
testing of soils. 

It is thus evident that the insoluble soil acids are a direct factor in the 
possibility of a soil meeting the lime requirement of a particular species of 
-plant. 

® A detailed accoutit of this method and investigation will be given in one of the succeed- 
ing numbers of this series of articles on soil acidity. 
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The rdaiion of soil fertility to the lime requirements of plants 

There are many soUs in Wisconsin which are medium to strongly acid and 

* yet they are quite fertile. These soils grow fairly good crops of com, oats, 
wheat and medium red clover. Some even grow fair crops of alfalfa for at 
least one or two years, but when such soils are classified it is found that they 
invariably fall into one of two groups: viz., either (a) they are comparatively 
new soils which are well supplied witn minerals containing the essential ele- 
ments, or else (b) they are soils which have been heavily fertilized with farm 

• manure. It is to be noted that silicious sandy soils are never found in the 
first group, and particularly that all soils of at least slight to medium acidity, 

, which have been farmed in a general way for twenty-five years or more with 
little use of manure, invariably require the addition of lime for the successful 
production of alfalfa, and often even of red clover. The theory which sup- 
poses that the specific effect of soil acidity on plants and bacteria is a toxic 
or destructive one falls down entirely in explaining this situation, since it 
does not explain why the same degree of acidity is more injurious in one soil 
than in another. If the theory which is based on the lime requirements of 
plants is used, the situation is easily and satisfactorily explained as follows: 

It is first important to note that the soils of the two groups which have 
just been discussed always either have a good supply of calcium silicates and 
compounds, or they are very active chemically and biologically in the proc- 
esses that bring calcium bicarbonate into the soil solution, or else they are 
soils in which there exists a combination of these two conditions. When 
these soils are extracted with carbonated water, large amounts of calcium 
as bicarbonate are brought into solution and reference to the mechanism of 
the reactions involved which have just been described makes it possible to 
explain why such should be the case. Another point to be emphasized is that 
acid soils, which are fertile otherwise, quickly produce plants of sufficient 
vigor to exert their own maximum feeding power for the comparatively in- 
soluble lime compounds. It is now apparent that the reason clover and 
sometimes even alfalfa grow well on acid soils of the two groups just described 
is that the plants’ lime requirements are satisfied by these soils in spite of the 
acidity. 

The rdaiion of the lime requirements of plants to their degrees of response to 

liming acid soils 

If the theory which is proposed is a tenable one then it should be possible 
to show that there is a close parallel relation between the lime requirements 
of plants and their degrees of response to the liming of acid soils, or recipro- 
cally to their ability to grow on acid soils. Unfortunately, there are no data 
at hand from experiments which were deliberately designed for critically 
testjpg this relationship. The data of the Rhode Island 'Station (10) result- 
ing from extensive investigations by Wheeler, Hartwell and their associates. 
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are by far the most comprehensive of any dealing with this subject and hence 
these data have been used a great deal in estimating the relative degrees 
of response of jjlants to liming as given in the last column of table 1. 

There may be some objections to the use of the Rhode Island data for the * 
present general purpose, because of the considerable amounts of commercial 
fertilizers which were annually used, and which are known to have a consider- 
able influence on the direct and indirect effects which soil acidity has on 
plant growth. In the case of the plots which received ammonium sulfate 
but no lime, tht acidity was so abnormally strong that many plants made 
practically no growth, and hence it is difficult to make reliable comparisons 
in these cases as to the influence of soil acidity. The other set of unlimed 
plots, having received sodium nitrate and acid phosphate, are also not espe- 
cially well adapted for comparison as unlimed plots, since the use of sodium 
nitrate lowers the acidity and acid phosphate furnishes calcium which under 
these conditions may be delivered to the plant as calcium carbonate or bi- 
carbonate, and quite largely supply a plant’s need in this respect. Because 
of such reasons as have been given, these data in some cases do not bring 
out differences which are known to exist from results of other experiments 
as well as practical farm observations. In the case of the clovers, for example, 
differences in the response to liming are not indicated, while it seems to be 
generally believed that alsike will still make a fairly good growth when me- 
dium red clover fails because of soil acidity. Undoubtedly plant diseases are 
sometimes partially the cause of differences in this case. Similarly, crimson 
clover is also known to grow under more acid conditions than medium red. 

In using these data of the Rhode Island Station the aim has been to strike 
a general average of all the data pertaining to any particular species of plant. 
In arriving at the final figure for designating the degree of response to liming 
or the reciprocal figure for ability to grow on acid soils, other scattered avail- 
able data as well as the writer’s own plant house and field observations have 
been considered and incorporated. The writer therefore regards these figures 
as being tentative until checked up by experiments which are deliberately 
planned to test out these points critically. 

In arriving at the figures which designate the lime requirements of plants, 
uncertainties have also arisen in some cases, largely because of the lack of 
.specific data regarding the feeding power of plants for lime. On pages 180 
and 181 the factors which influence this feeding power are discussed. 

As is indicated in the table the data on the calcium oxide content of plants 
has been taken quite largely from Wolff’s ‘^Aschen Analysen.” Wherever 
possible an attempt was made to secure averages of a considerable number 
of analyses. This, however, was not always possible, partly because of the 
desirability of selecting analyses which were made from material cut in the 
green condition, and in case of a group of plants like the clovers, which are 
to be critically compared with one another, the necessity of using analyses 
made on plants which have reached the same stage of maturity. In the 
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case of alfalfa, the clovers and some other plants, isolated analyses may be 
found which, relatively, are quite diflFerent from those given. This is espe- 
cially true in case the plants had reached maturity or were^icut as hay. It 
has been conclusively shown that plants may lose a large amount of salts 
(25), especially lime salts, when allowed to ripen or to be leached after being 
cut as hay. 

Where close comparisons are to be made between similar plants of a group, 
it is also desirable that the analyses represent plants grown on the same kind 
of soil and under the same climatic conditions. Because of the great impor- 
tance of the clovers and alfalfa, attention is called to the fact that the average 
analyses given for these plants are relatively the same as those reported by 
Way and Ogston (45), which were made on plants grown under similar 
conditions. 

It is also important to note that the lime content of only the green aerial 
parts of plants is considered, since it is in these parts that lime is largely 
needed as an indispensable material for vital phenomena, and hence they 
give a much better indication of the lime needs of a plant than storage roots, 
tubers, and woody parts like the trunks of trees. 

The relative rate of plant growth refers to the rate of production of green 
aerial parts in dry weight. In many cases the figures given are simply esti- 
mates, which, however can usually be made with considerable confidence. 

In the table, abbreviated designations are used as follows; 

1 designates - very low 

2 designates - low 

3 designates - medium 

4 designates - high 

5 designates - very high 

Intermediate stages are designated by halves. In regard to the relative 
lime contents of plants these designations are used according to the following 
basis: 

1 designates lime content of 0-G . 74 per cent, inclusive 

IJ designates lime content of 0. 75“1 . 1 1 per cent, inclusive 

2 designates lime content of 1 . 12-1 . 49 per cent, inclusive 

2i designates lime content of 1 . 50-1 . 86 per cent, inclusive 

3 designates lime content of 1 . 87-2 . 24 per cent, inclusive 

Si designates lime content of 2 . 25-2 . 61 per cent, inclusive 

4 designates lime content of 2 . 62-2 . 99 per cent, inclusive 

4§ designates lime content of 3 . 00-3 . 36 per cent, inclusive 

5 designates lime jcontent of 3 . 37 per cent and over. 

It is now to be recalled that the lime content of a plant and its rate of 
growth are two factors, both of which operate in the same direction as regards 
the lime requirement of a plant. The higher the lime content and the higher 
the rate of growth the greater will be the lime requirement of the plant. The 
feeding power of a plant is, however, a factor which works in the opposite 
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direction to the other two just mentioned. The greater the feeding power 
of a plant, the other two factors remaining constant, the lower will be the 
lime requirement of a plant. The lime requirement of a plant is thus deter- 
mined by three factors, two of which operate in one direction and a third 
which operates in the opposite direction. The resultant of the three factors 
indicates the lime requirement. 

Before describing the method of obtaining and using this resultant to deter- 
mine the lime requirement, it is important to note as a fundamental basis, 
that a high feeding power will entirely offset both a high lime content and 
a high rate of growth, resulting in a low or medium lime requirement. The 
cowpea and buckwheat are excellent examples of this. If the lime content, 
rate of growth, and feeding power are all medium, then, of course, the lime 
requirement will also be medium and is represented by the figure 3. Using 
this simple case as a basis for calculation, the designations for lime require- 
ments of other plants may be determined as follows: 

If in this same case the factor ^ deeding power” were lower than 3, the lime requirement 
would rise above 3 accordingly, and if higher than 3, it would drop below 3 accordingly. 
The amount of rise or drop is determined by a comparison of the figure which represents the 
feeding power with a collective figure which represents both the lime content and the rate 
of growth. This collective figure represents what may be called the required rate of lime 
delivery and being dependent on both lime content and rate of growth is obtained as a rela- 
tive figure by taking the average of the two. The product of the two is not taken since 
only relative figures are dealt with. 

The method of calculation is best explained and illustrated by giving a 
few specific examples as follows: 

In the case of sweet clover the relative lime content is represented by 3 and the relative 
rate of growth is estimated at 5, and hence the required rate of lime delivery is represented 
by 4, which is the average of the two. The feeding power is estimated at 3i, which is lower 
by } than the required rate of lime delivery and hence } mu^jst be added to the adopted basial 
figure 3, giving 3J (medium to high) which represents the lime requirement of sweet clover 
as obtained by this method of calculation. Similarly, in the case of alsike clover the re- 
quired rate of lime delivery is found to be 3 and the feeding power is estimated at 3J, which 
is larger by § than the required rate of lime deliveiy, and hence J must be subtracted from 
the basial figure 3, giving 2J (low to- medium), which represents the lime requirement of 
alsike clover as obtained by this method of calculation. In a few cases the figures obtained 
are a little greater than 5 or a little less than 1, but since 5 and 1 are taken to represent the 
extremes, they are used in these cases in place of the greater or smaller figures. When 
quarter and three-quarter numbers have resulted from calculations, they have been changed 
to the half and full numbers, respectively, since such small differences are meaningless when 
based to a considerable extent on estimates. 

If the figures which were obtained in this way, and which are given in the 
last two columns of table 1, are examined, it is found that there is a remark- 
al?|y close relationship between the lime requirements of plants and their* 
response to the liming of acid soils, or reciprocally to their ability to grow 
on acid soils. 
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A brief discussion of the data relating to the different groups of plants 
follows: 

In the case of the legumes all degrees of lime requirements are found the 
same as in the case of the non-legumes. The clovers present an interesting 
group of plants in this respect and the differences in lime content, rate of 
growth and feeding power for lime adequately explain their differences in 
Ume requirement and ability to grow on acid soils. The same may be said 
to be true with the other legumes. As is evident, it is entirely unnecessary 
to postulate that the main effects of soil acidity on legumes are directly tracer- 
able to effects on the symbiotic nitrogen-fixing bacteria, or to a destructive 
or toxic action on the roots. 

The cereals present another very interesting group of plants and the higher 
lime requirement of barley than of the others is also explained. 

The hay and pasture grasses are a group of plants whose lime requirements 
are more similar than of any other group and in many cases it is difficult to 
estimate their relative feeding power except by resorting to their ability to 
grow on poor soils, which, however, is quite a reliable index. 

Of the fiber crops, cotton and flax are known to have a low lime require- 
ment while that of hemp is about medium. The reasons for this are found 
in the figures of table 1. 

In the miscellaneous crops, various degrees of lime requirements are repre- 
sented and quite satisfactorily explained. 

Most of the garden crops have rather high lime requirements and un- 
doubtedly the more general use of lime for many of these crops would mate- 
rially cut down the amount of manure required in gardening and truck farm- 
ing. In the case of a few plants like the carrot and radish, there is a dis- 
crepancy of a whole point in the two sets of figures but this may easily be 
due to lack of daia for basing estimates or other special effects of soil acidity. 
The reason why the cranberry and strawberry grow so well on acid soils is 
clearly indicated. 

There is very little data available regarding the lime content of weeds and 
only the case of sorrel is given. The reason for its low lime requirement is 
clearly indicated, although it does have nearly a medium lime content. 

A few varieties of trees also are included although data for making esti- 
mates are quite meagre. The resulting figures are, however, quite signifi- 
cant, especially in connection with the relation of native tree vegetation to 
native soil fertility. The trees with the higher lime requirements are found 
growing on the better soils. 

These findings thus substantiate the theory which has been proposed; 
namely, the main specific injury of soil acidity is that it prevents plants, 
especially those with high lime requirements and relatively weak feeding 
powers, from getting the lime from the soil at a sufficiently rapid rate to 
meet their needs. 

Exact concordance between the two columns of figures is of course not to 
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be expected in all cases, partly because of the meagre data available in some 
cases for basing conclusions, and partly because of the intervention of other 
factors of general soil fertility which in some cases may be much greater than 
others. The writer thus wishes to state clearly that many minor errors 
surely exist in the figures of table 1, which only careful investigation can 
eliminate. On the basis of the data available the validity of the theory in 
the main, however, seems certain. 

The foregoing considerations and conclusions are especially important in 
formulating a simple, practical, and rational system of determining the amount 
of lime which should be applied under practical farming conditions. It is 
thus evident that the amount of lime which should be applied, assuming that 
a good quality is to be used, depends upon the following factors: 

1. Lime requirement of crop or crops to be grown. 

2. Degree of acidity of the soil. 

3. Fertility of the soil. 

How these factors may be combined into a single usuable quantity will be 
discussed in the succeeding articles. 

SUMMARY 

With a few exceptions agricultural plants'grow best on soils well supplied 
with readily available lime. To be readily available, lime may exist either 
as the carbonate, as an easily hydrolyzable silicate or salt, or as a constituent 
of easily decomposable organic matter. The classification of agricultural 
plants as being lime-loving, lime-avoiding and indifferent, or as being acid- 
intolerant, acid-tolerant and indifferent, leads to confusion and gives the 
wrong impression regarding the relation of lime and soil acidity to plant 
growth. The subject is very complex and, as has been indicated, soil acidity 
has many indirect and general influences on soil fertility due to its effect on 
physical, chemical, and biological conditions of the soil. 

It is well known that an acid condition is unfavorable to the highest devel- 
opment of desirable physical and biological soil conditions. An acid condition 
usually lowers the availability of nearly all the essential elements. On the 
other hand, soil acidity usually favors the accumulation and solubility of 
toxic organic and inorganic substances. Among these toxic substances 
soluble aluminum salts have been noted by a number of investigators, and 
possibly in some cases manganese salts should also be considered. In certain 
unusual cases of soil acidity sufficient amounts of these toxic substances may 
be present to be very harmful to some plants. The relation of soil acidity 
and liming to malnutrition due to a lack of iron in the plant, to plant diseases 
and to plant competition also need to be considered in a few special cases, 
particularly in cases where soil acidity appears to be a favorable condition. 

Besides the indirect influences which affect all plants, and some probably 
to a considerable extent, soil acidity has a specific influence which affecta 
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some plants like alfalfa and sugar beets very much more than others, like 
cowpeas, potatoes, and oats. At various times this specific influence of soil 
acidity has been ascribed to at least three causes: viz., (a) its effect on the 
supply of available calcium needed by plants as direct plant-food material, 
(b) its effect on the symbiotic nitrogen-fixing bacteria, (c) and its toxic or 
destructive effect on the root tissues of plants. 

The supply of available calcium in ail forms becomes less as soils become 
acid, but usually there is still sufficient present to furnish that needed as direct 
plant-food material. Since the symbiotic nitrogen-fixing bacteria live in 
the nodules, soil acidity cannot affect them directly, except before they enter 
into symbiosis, when it may lessen their activity and delay the time of infec- 
tion. Since the relation of non-legumes to soil acidity runs parallel with the 
relation of the legumes, it follows that the direct influence is not on the legume 
bacteria but on the plants themselves. 

That this direct effect on the plants is not often due to a destructive action 
of the acidity on the root tissues is evident from the fact that experiments 
have shown that plant roots are unaffected by solutions of a higher acidity 
than that of most acid soil solutions. This is further substantiated by the 
fact that the acidity (H-ion concentration) of the sap of most plants is of the 
same order as that of the soil solution of most acid soils, indicating that simi- 
lar processes are probably at work in the two cases, as a result of certain 
analogous conditions which exercise a regulatory function in this respect. 
It is undoubtedly largely proteins in the case of plajif s, and collodidal organic 
and inorganic matter, especially silicates, in the case of soils which act as 
“buffers’’ and thus bring about this regulation of acidity to a considerable 
extent, preventing rapid changes and unusually high degrees of soluble 
acidity. 

In most cases it thus appears that the main specific harmful influence of 
soil acidity on certain plants is not due to any of the three suggested reasons, 
but to its influences in preventing these plants from getting at a sufficiently 
rapid rate the calcium as the carbonate or bi-carbonate which is needed to 
neutralize and precipitate certain acids in the plants themselves, which are 
probably largely by-products, produced as the result of certain vital reactions 
in the growth of plants. If calcium in the^ forms is not furnished at a suffi- 
ciently rapid rate, then the rate of these reactions is lowered accordingly 
as is also the rate of plant growth. 

Each species of plant has a certain lime requirement which must be satisfied 
for maximum plant growth and this lime requirement is defined by the writer 
as follows: The expression ^'lime reqidremenV^ of a plant refers to the actual 
lime needs of theplant itself ^ especially as to the ease and rate at which lime must 
be secured from the soil by the plant for normal growth. Thus if a plant has 
a high lime requirement, then the solution and delivery must be rapid and 
ea^y in order t6 meet the needs of the plant. 

The thripc main factors which determine the lime requirement of a plant 
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are: (a) Kme content, (b) rate of growth, and (c) feeding power of the plant 
for lime. The first two factors operate in one direction while the third oper- 
ates in the opposite direction. That is, the higher the lime content and the 
rate of growth, the higher will be the lime requirement, and conversely. Also, 
the higher the feeding power for lime, the lower will be the lime requirement, 
and conversely. The resultant of these three gives the lime requirement of 
the plant. A simple method of expressing these factors and obtaining the 
resultant is described in this article. 

A table is also given in which are expressed the lime requirements of 62 
species of plants as obtained by this method. These lime requirements are 
compared with corresponding figures which represent the relative response of 
these plants to the liming of acid soils, or reciprocally to their ability to grow 
on acid soils. The comparison reveals a close correspondence and hence 
substantiates the theory which has been proposed that, usually, the main 
specific injury of soil acidity is that it prevents plants, especially those with 
high lime requirements and relatively weak feeding powers, from gettmg the 
lime from the soil at a sufficiently rapid rate to meet their needs. This is 
further substantiated by the parallel relation found between the amount of 
growth of alfalfa on acid soils and the amount of calcium which could be 
extracted with carbonated water from these soils. These considerations are 
especially important in formulating a practical system of using lime, especially 
as regards the amount to be used which, as is discussed in detail, is depend- 
dent on the lime-requirement of the crop, the degree of acidity of the soil, 
and the fertility of the soil. 
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In the investigations of the effect of heat on soil the only nitrogenous con- 
stituents existing as such which have been determined quantitatively are 
ammonia and nitrates. Kelley and McGeorge (4) also determined the change 
in monoamino, diamino and amid nitrogen in the hydrochloric acid hydro- 
lysed, untreated soil and the same soil after heating to 200®C. In this labora- 
tory, methods have .been developed for the determination of amino acid, 
nitrogen and soluble non-protein nitrogen (12, 13). These constituents had 
previously never been determined in soils by the use of such reagents as pre- 
cluded their formation from more highly organized material or their partial 
destruction during the procedure for the determination. A method for the 
determination of ammonia (11) which gives more nearly absolute results 
than those usually used also has been worked out. It was because of these 
and other considerations that the work herein reported was imdertaken. 

For an extensive article on the literature on soil sterilization, the paper by 
Kopeloff and Coleman (6) appearing in a recent number of this journal should 
be consulted. Only the more important investigations having a direct bear- 
ing upon the phases of the subject taken up by us will be discussed here. 

Richter in 1896 (14) found that heating a soil to 100®C. increased the 
amount of nitrogen soluble in water and dilute hydrochloric acid, while the 
water-soluble organic matter was increased about 300 per cent. 

Nitrification was found by Deherain and DeMoussy (2) to be inhibited 
completely in soils heated at 120®C. for 1 hour in the autoclave. Upon 
inoculation of the heated soil with fresh soil an abnormally large amount of 
nitrates was produced. Pickering (9, 10) found that heating soils caused an 
increase in the total soluble organic matter. Upon inoculation of the heated 
soil and incubation for a few weeks, this excess soluble organic matter was 
decreased somewhat. He also concluded that the action of the common 
volatile antiseptics caused about the same chemical change in a soil as heat 
at 60~7S®C. 

Russell and his associates (IS, 16) have carried out more comprehensive 
work along these lines than any other investigators. The results of their 
researches have led them to propose the theory that protozoa are an impor- 
tant limiting factor of bacterial growth. The conclusions to be drawn from 
their work living direct bearing on the subject matter of this paper, are as 
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follows. Partial sterilization of the soils, that is, heating at 98®C. or treat- 
ment with toluene, caused an increase in the amount of ammonia. This 
amount of ammonia was further increased to a relatively great extent by 
incubation of the partially sterilized soil. Nitrates were not changed by 
heat at 98®C. nor was there any appreciable change after standing in the 
amount present either in the uninoculated soil or the soil inoculated with a 
fresh soil. Their contention was that nitrifying organisms would not work 
in the heated soil. ‘‘Unstable nitrogen compounds^’ were increased by 
heat at 98°C. to about the same relative extent as ammonia. They were also 
increased by subsequent incubation of the soil but to a less extent than the 
ammonia. The “unstable nitrogen compounds^' were determined by distil- 
lation of the soil with magnesia at 100®C. for an arbitrarily fixed length of 
time. The amount of ammonia thus formed minus that fprmed by distil- 
lation of the soil at 38°C. was taken to be unstable nitrogen. The amount of 
humus present in the heated soil was somewhat less than in the unheated. 

Lyon and Bizzell (7, 8) studied the changes in soluble matter of soils brought 
about by steaming at 2 atmospheres and the further changes at the end of 
various lengths of time after inoculation with fresh and with steamed soils. 
As they point out, the results obtained on some soils are quite inconsistent 
when compared with others, but the general conclusions to be drawn from 
their work are as follows. Steaming invariably increased the amount of 
soluble organic matter and ammonia and decreased the nitrates. After 
inoculation with fresh soil and incubation for periods ranging from S to 19 
weeks, nitrates were often decreased and never increased but to a slight 
extent. Ammoniacal nitrogen was invariably increased by incubation for 
periods up to 19 weeks, while total soluble matter was decreased. One sample 
of steamed soil was inoculated with fresh soil and allowed to incubate for 
months. Nitrates were greatly increased, total soluble matter was in- 
creased and ammonia was considerably decreased. These results were just 
opposite to those found in the same soil after incubation for the shorter 
periods. 

Schreiner and associates (17) found that heating at 13S°C. in the autoclave 
for 3 hours increased the amount of xanthine and hypoxanthine when they 
were found in the untreated soil. When they were not found in the unheated 
soil appreciable amounts could be separated from the heated soil. Cytosin, 
guanine and arginine not found in the unheated soil were isolated after heat- 
ing the soil. Pentosans, histidine, creatinine and dihydroxystearic acid 
were found to be increased by the treatment in the autoclave. The amount 
of nucleic acid was lessened. 


EXPERIMENTAL 

The plan of our work was as follows: 

Large samples of four soils were put through a i -inch mesh sieve and each sample thoroughly 
mixed. Several small samples of each of the soils of 3S0 gm. each were weighed into 500- 
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cc, Florence flasks, cotton plugs inserted and then subjected to the following treatments: 
Two hours at 100®C., dry heat; 2 hours at 200®C., dry heat; the same treatment and then 
inoculated with fresh soil emulsion and incubated for 10 weeks, the same treatment and 
then inoculated as above and incubation for 20 weeks; 15 pounds in the autoclave for 3 
hours; 10 pounds in the autoduve for 3 hours per day for 3 successive days; the same treat** 
ment, inoculated as above awl incubated for 10 weeks; the same treatment, inoculated as 
above and incubated for 20 weeks. All treatments and incubations were carried out in 
duplicate. Before incubation the soils were made up to the optimum moisture content and 
maintained at that throughout the incubation period. After the soils had been subjected 
to the various treatments they, together with duplicate samples of the untreated soils, and 
the inoculated soils, after they had incubated the specified length of time, were subjected to 
analysis as described below. 


METHODS OF ANALYSIS 

Loss on ignition. Approximately 2 gm. of soil were accurately weighed 
into covered porcelain crucibles. The crucible and contents were then placed 
in the oven at 100-10S°C. for 3 hours and then weighed again. This gave 
the amount of hygroscopic moisture. These results are not recorded here 
because of the fact that the soils were not held under uniform conditions 
between the time of the completion of the respective treatments and the 
weighing into the crucibles. The determination, however, was necessary, 
in order to calculate the results to the oven-dry basis. After obtaining the 
oven-dry weight the crucibles were placed in the muffle furnace and heated 
for 2 hours or more at a bright red heat. All determinations were made 
in duplicate. 

Nitrate nitrogen. Nitrates were determined by the modification of the 
aluminum reduction method as proposed by Burgess (1) using the apparatus 
proposed by us (11). 

Ammonia nitrogen. This was determined by the method developed in 
this laboratory (11). 

Amino acid nitrogen. The amino acid nitrogen was determined according 
to our modification (12) of the Kober (5) method. 

Soluble non-protein nitrogen. This group of compounds were determined 
by the Greenwald (3) method as modified by us for use on soil extracts (13). 

DESCRIPTION OF THE SOILS 

Calhoun silt loam. This soil was obtained from Van Buren County, Iowa, 
which is situated in the Southern Iowa loess soil area. It is a fairly fertile 
soil, acid in reaction and rather low in organic matter. 

Miami silt loam I, This was obtained from one of the station orchards 
which is situated in the Wisconsin drift soil area. This soil is similar to the 
Calhoun silt loam but contains a little sand, is lighter in color and contains 
less organic matter. 

Miami silt loam II, This comes from a different place in the same orchard 
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as the above soil. It is darker in color and contains more organic matter 
than the other sample of Miami silt loam. 

Peat soU, This soil was secured from a peat spot in one of the experiment 
station pastures. It is a typical peat soil, black in color and quite light in 
weight. The amount of organic matter present is shown below by its loss 
on ignition. 

In table 1 are found the results obtained with the Van Buren County soil. 
The values for the loss on ignition have been calculated on the basis of the 
ignited soil. The reason for adopting this standard instead of the oven-dry 
basis was that some loss of organic material was caused by the more severe 

TABLE 1 

Calhoun silt loam soil 


PEK CENT OF TOTAL KXTROOEN 
% 


TREATMENT 

LOSS 

ON 

IGNI- 

TION 

TOTAL 

NITRO- 

GEN 

Ammonia 

Amino acid 

Nitiate 

Soluble 
non-pro trin 
nitro^n 

Origi- 

nal 

basis 

Final 

basis 

Origi- 

nal 

basis 

Final 

basis 

Orim- 

nal 

basis 

Final 

basis 

Origi- 

nal 

basis 

Final 

basis 


per 











cent 










Air-dry 

5.80 

0.181 

0.60 




0.325 


14.45 



5.47 


0.89 






16.70 


10 pounds; 9 hours 

5.88 

{mvnk 

3.01 

3.08 


0.54 

0.895 



23.6 

15 pounds; 3 hours 

S.S9 

0.179 

1.34 

1.35 





iQQ 

17.3 


4.67 



nmu] 


mmSHj 

BWf!! 



31.3 

10 pounds; 9 hours; 10 weeks 











incubation 



6.14 

6.28 


■IICW 


mm 


21.3 

10 pounds; 9 hours; 20 weeks 











incubation 



4.89 



1.18 

vWm 

mm 

20.80 

21.3 












cubation 




17.60 



1.280 

iiitwt] 


31.6 












cubation 






1.69 

2.320 


32.50 

1 33.6 


treatments, and hence it would be incorrect to express the percentages on the 
oven-dry weight of each soil. It is seen that the percentages of the various 
nitrogenous constituents are expressed on two bases. The results in the 
‘‘original basis” columns are expressed in per cent of the total nitrogen origi- 
nally in the soil. The “final basis” results represent the per cent of the 
total nitrogen left in the soil. No nitrogen was lost by the 100®-heated soil 
and it^-was assumed that no change in the total nitrogen was occasioned by 
the incubation. This probably is not strictly correct but the change in total 
nitrpgen in the short incubation periods of 10 and 20 weeks would be very 
slight. 

The figures giving the loss on ignition may be taken to represent the amount 
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of organic matter in the soils. There is seen to be some change in the organic 
matter of the soil by all the treatments but perhaps the only one great enough 
to be of any significance is the 200° treatment, and here the change from 5.80 
to 4.67 per cent represents a loss of 19.5 per cent of the organic matter. 

The next column of the table gives the per cent of nitrogen in the soil from 
the various treatments. Here none of the treatments show much of a loss. 
The results for the soil heated at 15 pounds might well be considered to vary 
from the untreated soil by no more than the experimental error, but the other 
two figures are probably well without the error. The 200° treatment causes 
a loss of 3.3 per cent of nitrogen, considerably less than the total loss of 
organic matter. At 10 pounds, a smaller loss of 2.21 per cent was found. 

The results for the changes in the nitrogenous constituents in the incubated 
soils will be taken up now. The results for the various heat treatments have 
been plotted and appear in figures 1 to 4, and their discussion will be taken 
up later. 

The 3.01 per cent of ammoniacal nitrogen in the soil heated at 10 pounds 
more than doubled in 10 weeks. The amount then dropped somewhat at 
the end of the 20 weeks. Considering the nitrate results it is seen that not 
all of this drop is necessarily due to nitrification. In this connection it is 
interesting to observe that the increase in nitrates in the first 10 weeks was 
proportionate to the increase in ammonia. In the next 10 weeks, the nitrates 
increased somewhat. The amino acid nitrogen diminished somewhat in 
the first 10 weeks but increased to a considerable extent in the next period. 
From these results and the resuts for ammonia it would seem that ammonifi- 
cation in the first period proceeded quite rapidly at the expense of the amino 
acid, while in the second period ammonification decreased considerably, 
allowing a relatively large accumulation of amino acids. The soluble non- 
protein nitrogen diminished somewhat during the first 10 weeks and then 
remained stationary during the next period. This group of compounds, 
although its nature is largely unknown, represent compounds of relatively 
simple constitution. In the original communication (13) on the determina- 
tions of the soluble non-protein nitrogen, it is shown that such complex sub- 
stances as egg albumin, edestin and casein do not appear to any extent what- 
ever in this group when the soil to which the substances are added is immedi- 
ately subjected to the analysis. It would seem that the bacteria would attack 
the compounds in this group rather than the more insoluble portion, but this 
contention is not borne out entirely by the figures for the analyses. The 
decrease in the per cent present caused by the incubation is less than the 
increase of ammonia and nitrate nitrogen. Then, too, the increase m am- 
monia and •nitrates does not represent the total increase, for no doubt rela- 
tively large amoimts of these compounds were assimilated by the bacteria. 
The changes taking place in the soils heated to 200° follow in a general way 
the similar changes in the soil heated in the autoclave at 10 pounds pressure. 
It is particularly interesting to note the small accumulation of nitrates in 
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spite of the«large amount of ammonia present. Whether this is to be ascribed 
to actual absence of nitrification or whether the nitrates were being utilized 
by the bacteria as produced, it is difficult to state. The change in non-pro- 
tein nitrogen caused by the incubation is only slight. 

In table 2 the results for Miami Silt Loam Soil II are found. 

From the figures for the loss on ignition it is seen that the soil heated to 
200® lost 12.1 per cent of its organic matter. The changes caused by the 
other treatments are inappreciable. A temperature of 200® also caused a 
loss of 8.7 per cent of the nitrogen. Fifteen pounds pressure caused a loss 
of 8.1 per cent of nitrogen while 10 pounds caused a loss of 4.3 per cent of 

TABLE 2 


Miami silt loam soil II 


treatment 

LOSS 

ON 

IGNI- 

TION 

TOTAL 

NITRO- 

GEN 

PER CENT OP TOTAL NITROGEN 

Ammonia 

Amino acid 

Nitrate 

Soluble 

non-protein 

nitrogj^n 



basis 

Final 

basis 

Origi- 

nal 

basis 

Final 

basis 

Origi- 

nal 

basis 

Final 

basis 

Origi- 

nal 

basis 

Final 

basis 


Ptf 

Per 


1 








cent 

cent 









Air-dry 

4.78 

0.161 

0.89 


0.48 


0.68 


17.1 


100‘*C.; 2 hours 

4.84 


1.26 


0.57 


0.60 


21.6 


10 pounds; 9 hours 

4.93 

0.154 

3.16 

3.31 

2.00 

2.13 

1.33 

1.39 

18.3 

19.2 

15 pounds; 3 hours 

4,67 

0.148 

2.05 

2.23 

0.92 

1.06 

0.91 

0.99 

20. 3j 

22.1 

200*C,; 2 hours 

4.20 

0.147 

9.99 

10.90 

1.22 

1.34 

0.28 

0.31 

24.7 

27.1 

10 pounds; 9 hours; 10 weeks 











incubation 



5.70 

5.$>6 

0.45 

0.47 

1.82 

1.90 

22.2 

23.2 

10 pounds; 9 hours; 20 weeks 











incubation 



4.27 

4.47 

1.25 

1.31 

2.70 

2.82 

22.6 

23.6 

200®C.; 2 hours; 10 weeks in- 











cubation 



17.10 

18.70 

0.68 

0.74 

1.20 

1.31 

35.8 

39.2 

200*C.; 2 hours; 20 weeks in- 










i 

cubation 



20.40 

22.50 

0.95 

1.04 

0.97 

1.06 

34.8 

38.1 


nitrogen. It is difficult to say from what compounds this loss comes. Nitric 
acid as such would volatilize wholly at 200° and considerably at the 10*pound 
and 15'potmd treatments. So far as we are able to find, the metallic nitrates 
are not decom^sed at 200°. The loss of nitrates at 200°, therefore, is either 
to be accoimted for by the assumption that at that temperature practically 
all of the metallic nitrates react with adds to give nitric acid which is vola- 
tilized or that the organic matter reduces the nitrates, probably to ammonia. 
Either assumption seems to be justified from the analytical data and from 
theoretical considerations. However, this would account for only a small 
part of the loss of total nitrogen. The chief loss of nitrogen probably comes 
froim the volatilization of ammonia compounds, which in turn are formed by 
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the degradation of proteins, proteoses, peptones, etc. The purine bases 
and derivatives no doubt also contribute to ttie formation of ammonia. The 
change in the amounts of the different nitrogen compounds caused by the 
various heat treatments will be taken up later. 

The change in ammonia, nitrate, and amino acid nitrogen in the soil treated 
at 10 pounds pressure caused by the incubation follows, in a general way, 
the same course as the respective changes in the soil previously discussed. 
It is interesting to note that the soil incubated 20 weeks contained more 
amino nitrogen than ammonia. So far as we can recall this is the only soil 
upon which analyses have been made which shows such a reversal of the usual 
condition. 

TABLE 3 

Miami silt loam soil I 


PER CENT OF TOTAL NITROOEM 


TREATMENT 

LOSS 

ON 

IGNI> 

TION 

TOTAL 

NITRO- 

OEN 

Ammonia 

Amino acid 

Nitrate 

Soluble 

non-protein 

nitrogen 

Origi- 

nal 

basis 

Final 

basis 

Origi- 

nal 

basis 

Final 

basis 

Origi- 

nal 

basis 

Final 

basis 

Origi- 

nal 

basis 

Final 

basis 


per 











cent 










Air-dry 

3,75 

0.130 

1.04 


0.36 


1.43 


17.95 


100®C.; 2 hours 

3.54 


I.ifi 


0.52 


1.41 


17.7 


10 pounds; 9 hours 

3.65 

0.127 

2.05 

2.11 

0.72 

0.74 

2.52 

2.59 

21.2 

21.8 

15 pounds; 3 hours 

3.80 

0.126 

1,95 

2.01 

0.61 

0.63 

2.22 

2.28 

19.5 

20.2 

20(f“C; 2 hours, 

2.90 

0.117 

4.61 

5.14 

0.53 

0.60 

0.41 

0.46 

32.0 

36.4 

10 pounds; 9 hours; 10 weeks 











incubation 



3.62 

3.70 

0.51 

0.52 

6.4 

6.6 

20.5 

21.0 

10 pounds; 9 hours; 20 weeks 











incubation 



1 74 

1.78 

1.92 

1.96 

6.2 

6.3 

22.7 

23.3 

200**C.; 2 hours; 10 weeks in- 











cubation 



12.0 

13.30 

0.63 

0.70 

2.02 

2.25 

38.15 

42.4 

200^C.; 2 hours; 20 weeks in- 











cubation 



9.6 

1.06 

0.94 

0.93 

4.78 

5.31 

27.9 

31.0 


The changes in the incubated 200°-heated soils follow in some respects the 
same course as the respective changes in the Calhoun silt loam. The most 
noteworthy difference is to be found in the non-protein nitrogen which nearly 
doubles in the first 10 weeks but drops somewhat in the next period. Part of 
the first increase is due, of course, to the increased ammonia which would 
be in this fraction. 

In table 3 are given the results obtained with the second sample of Miami 
silt loam soil. With this soil the loss of organic matter of the 200°-heated 
soil as shown by the loss on ignition was 22.6 per cent, as compared with a 
loss of 12.1 per cent for the other sample of this soil type. The difference is 
^ die more noteworthy when it is recalled that the one showing the less loss 
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of organic matter contains at the start about 1 per cent more total organic 
matter. The loss of nitrogen of the soil the results of which are given in 
table 3 is 10.0 per cent. 

With the exception of the nitrate nitrogen the changes which the various 
forms of nitrogen exhibit in the soil heated at 10 pounds and inoculated and 
incubated are in general similar to the changes undergone by the other sample 
of Miami soil. The nitrates show a gradual rise at the end of the first and 
second 10 weeks when compared with the amounts present before incubation. 
In the case of the 200°-heated soils the changes are not consistent when com- 
pared with the similar changes of the soils previously discussed. The amounts 

TABLE 4 


Peat soil 


TREATMENT 

LOSS 

ON 

IGNI- 

TION 

TOTAL 

NITRO- 

QEN 

PER CENT OF TOTAL NITROGEN 

Ammonia 

Amino acid 

Nitrate 

Soluble 

non-protein 

nitrogen 

Origi- 

nal 

basis 

Final 
basis ' 

Origi- 

nal 

basis 

Final 

basis 

Origi- 
nal j 
basis 

Final 

basis 

Origi- 

nal 

basis 

Final 

basis 


per 

per 










cent 

cent 









Air-dry 

47,3 

3.39 

0.23 


0.260 


0.37 


4.96 


100®C.;2hours 

48.3 


0.25 


0.190 


0.28 


7. 7 


10 pounds; 9 hours 

47.2 

3.09 

i.45 

1.59 

0.220 

0.24 

0.43 

0.47 

6.43 

7.05 

15 pounds; 3 hours 

47.0 

2.39 

5.95 

8.43 

0.190 

0.27 

0.31 

0.44 

6.53 

9.25 

200®C.; 2 hours 

41.6 

2.42 

1.35 

1.90 

0.170 

0.24 

0.05 

0.07 

10.90 

15.30 

10 pounds; 9 hours; 10 weeks 











incubation 



1.28 

1.40 

0.135 

1.48 

3.92 

4.30 

6.66 

7.31 

10 pounds 9 hours; 20 weeks 











incubation 



1,45 

1.59 

0.140 

0.15 

4.17 

4.58 

4.33 

4.75 

200®C.; 2 hours; 10 weeks in- 











cubation 



1.02 

1.42 

0.110 

0.15 

3.76 

5.26 

5.78 

8.10 

200®C.; 2 hours; 20 weeks in- 











cubation 



1.55 

2.17 

0.190 

0.27 

2.00 

2.80 

5.43 

7.60 


of ammonia and non-protein nitrogen have been increased by the incubation, 
whereas the amino acid nitrogen was diminished. The nitrates were in- 
creased by both periods of incubation but the increase was less for the longer 
period than for the shorter. 

The results for the peat soil appear in table 4. It is observed that the treat- 
ment at 200® caused a loss of 12.05 per cent of organic matter, whereas by 
the same treatment 28,6 per cent of nitrogen was lost. This is a far greater 
loss of nitrogen than the three mineral soils have undergone. On first thought 
it would seem that there should be less loss of nitrogen from a peat soil, the 
ilitr<^en which is generally held to be in a relatively inert, imavailable 
foim. The reason for the greater loss probably lies in the fact that in the 
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peat soil there is a less proportionate amount of the minerals which act as 
adsorbents or absorbents for ammonia. For, as stated above, it probably is 
largely as ammonia that the nitrogen is lost. It is seen that in the peat soil 
the amount of ammonia found in the 200®-heated soils is low when compared 
with the similar amounts in the mineral soils. 

When the results for the incubated soils are examined it is seen that but 
little change was brought about by the incubation. The results for the peat 
soil are striking in that respect when compared with the mineral soils. Prob- 
ably the explanation of the small amount of change brought about by incuba- 
tion is that the heat treatment released soluble toxic material to a great 
extent in this soil, so high in organic matter. Another interesting point seen 
on an inspection of the results for the peat soil is that in many cases the sum of 
the nitrate, ammonia and amino acid nitrogen is nearly equal to the soluble 
non-protein nitrogen. Certainly all the nitrate and amino acid nitrogen 
would be in the soluble, non-protein nitrogen fraction and the larger portion, 
if not all of the ammonia, would be in this fraction also. Therefore, unlike 
the other soils, the soluble non-protein nitrogen includes but little material 
other than ammonia, nitrate and amino acid nitrogen. 

The changes in the various forms of nitrogen which the different heat treat- 
ments brought about have been plotted and appear in figures 1 to 4. As is 
seen from an inspection of the figures, treatments are plotted on the ordinates 
and the per cent change on the abscissa. Different standards for the different 
constituents have been used for the latter. Because the treatment points 
are separated from each other by regular periods on the ordinate, it is not 
meant to convey that actually, for instance, there is the same difference 
between air-dry soil and soil heated for 2 hours at 100®C., as there is between 
soil given the latter treatment and heated in the autoclave for 9 hours at 
10 pounds pressure. 

The results for the ammonia in the different soils are shown in figure 1. 
Heating at 100° for 2 hours is seen to increase slightly the amount of ammonia 
in all the soils and 9 hours at 10 pounds in the autoclave increases the am- 
monia still more. Fifteen pounds for 3 hours does not give such an increase 
in the mineral soils as the 10-pound treatment. Evidently the length of time 
of heating has quite an appreciable effect. We do not have an explanation 
of the great increase in ammonia in the peat soil. At 200° all the soils show 
an increase in ammonia when compared with the treatment at 15 pounds, 
except the peaty soil which shows a decrease. This decrease, as pointed out 
above, is probably largely due to the fact that the ammonia had volatilized 
from the peat soil to a considerable extent. While ammonia has no doubt 
been evolved from the mineral soils to a considerable extent at 200° also, 
yet the large amount of minerals in the latter soils makes necessary a greater 
accumulation of ammonia before appreciable volatilization takes place. 

The amino acid results are shown in figure 2. The amino acid nitrogen 
in the two Miami silt loam soils was increased by heat at 100°, whereas 



206 


R, S. POTTER AND R. S. SNYDER 


this form of nitrogen was decreased in the peat and Calhoun soils by the 
same treatment. Treatment at 10 pounds increased the amount of amino 
acid nitrogen in all the soils and at 15 pounds the amounts were decreased. 



air-dry 100® 10 lb. 15 lb. 200® 

Treatmefut . 


Fig. 1. Diagram Showing Effect of Heat on Ammonia in the Soils Stuxued 

At 200*^ the Calhoun soil and the Miami soil I, showed an increase andjthe 
other soils a decrease. The two soils that had an increase in amino acid 
nitrogen also showed the greatest increase in ammonia. Another interesting 
pcmt is the slight change in amino acid nitrogen shown by the peat soil. 
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Figure 3 shows the results for the nitrate nitrogen. Perhaps the most inter- 
esting thing shown by the figure is that the curves for the various soils are 
arranged m the order of the per cent of total organic matter present in the 
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Fig. 2. Diagham Showing Epfect op Heat on Ammonia Acids in the Soils Studied 


soils. The peat soil, containing the highest amount, being at the bottom 
and the Miami silt loam soil, containing the least, at the top. Heat at ICX)^ 
caused a decrease in nitrates in all the soils but the Calhoun silt loam. Ten 
pounds and 15 pounds in the autoclave caused an increase in the amounts of 
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nitrates in all the soils, the 10 pounds a greater increase than the IS pounds. 
This is contrary to the findings of Lyon and Bizzell (7, 8) who found that 
nitrates were greatly reduced by heat at 15 pounds for 2 hours. At 200® 
for 2 hours it is seen from the figure that the nitrates have been greatly re- 
duced. As pointed out earlier in this paper, this decrease is due to volatili- 
zation of nitric acid or reduction of the nitrates by the organic matter. 



Fig. 4. Diagram Showing Effect of Heat on Soluble Non-Protein Nitrogen in 

THE Soils Studied 

The soluble non-protein nitrogen results are shown in figure 4. It is seen 
that the curves do not resemble very closely either the curves for the am- 
monia or the nitrate results. This is important in that it shows that when 
we follow the changes of nitrate and ammonia in a soil we have only half- 
truths, for while these two substances are perhaps the most important nitro- 
genous constituents of the soil in that they are used more than any other 




210 


R» S. POTTER AND R. S. SNYDER 


compounds as plant nutrients, yet our results show that there is a rather 
large class of soluble nitrogenous compounds other than the nitrates and 
ammonia whose transformation does not follow the latter two compounds. 
In this connection, the results for the soluble non-protein nitrogen for both 
the incubated and unincubated peat soils are particularly interesting. It is 
observed that in some cases the sum of the nitrate, amino acid and ammonia 
nitrogen is nearly equal to, and in one case exceeds, the total soluble non- 
protein nitrogen. In this one case noted no doubt there must be some error 
of analysis involved. One source of error in the determination of the soluble 
non-protein nitrogen is a possibility of the loss of ammonia from the per 
cent sodium hydroxide used for the extractive agent. This would be par- 
ticularly true for these treated soUs which contain such large amounts of 
ammonia. 


SUMMARY AND CONCLUSIONS 

The following conclusions may be drawn from the soils receiving simply 
the respective heat treatments. 

1. The amount of ammonia was increased by all the heat treatments, the 
higher temperatures to which the soils were heated giving in general greater 
increases. At 10 pounds the increase was greater than at 15 pounds, the 
reason being the longer time the soils were heated at 10 pounds. 

The peat soil heated to 200°C. contained less ammonia than the soil heated 
at any other temperature, the reason being the excessive volatilization of 
ammonia at that temperature. 

2. The amino acid nitrogen results in general followed those for ammonia 
nitrogen. The peat soil again is an exception, not much of any change being 
brought about by any of the treatments. 

3. Not much change was brought about in the nitrate content by dry heat 
at 100®C., 10 pounds in the autoclave for 9 hours increased the amount con- 
siderably in every soil. Fifteen pounds for 3 hours caused a somewhat less 
increase than the 10-pound treatment. A temperature of 200®C. caused 
almost the total disappearance of all nitrates. 

4. All the heat treatments caused an increase in soluble non-protein nitro- 
gen. The least change was brought about in the peat soil. This is probably 
in part due to the fact that considerable amounts of ammonia escaped from 
the soil at the higher temperature treatments. 

The following conclusions may be drawn from the results for the soils 
heated to 10 pounds in the autoclave for 9 hours and the soil heated to 200®C. 
for 2 hours, both later inoculated and incubated as stated in the first part of 
this papa:. 

^ 1. In the three mineral soils heated to 10 pounds for 9 hours and with 10 
weeks’ incubation ^ter inoculation with fresh soil, there was an increase 
of ammonia. Twenty weeks’ incubation likewise caused an increase in two 
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cases, though not such an increase as the 10- week period. Twenty weeks^ 
incubation of the Calhoun soil caused a slight decrease in ammonia. The 
amount of ammonia in the peat soil after the two different heat treatments 
was not greatly influenced by either incubation periods. 

2. The changes in the amino acid content of the soils after incubation were 
in general as follows. Ten weeks^ incubation caused a decrease in amino 
nitrogen. There was always more amino nitrogen at the end of 20 weeks 
than at the end of ten. In two of the soils there was more amino nitrogen 
at the end of the 20 weeks than there was at the beginning. 

3. Nitrates were invariably increased by the two incubation periods, the 
longer period usually giving the greater increase. 

4. The amount of non-protein nitrogen was not changed very much by in- 
cubation of the mineral soils which had been heated to 10 pounds. In the 
peat soil 20 weeks decidedly lessened the amount of this group of compounds. 
In the mineral soils heated to 200®C. there was always an increase in soluble 
non-protein nitrogen after incubation. Here also the peat soil showed a 
decrease for both incubation periods. 
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INTRODUCTION 

In this country the analysis of peat soils has, up to the present time re- 
ceived little attention, as is well illustrated by the failure of the Association 
of Official Agricultural Chemists to recognize the need of any special methods 
for the analysis of these as distinct from the mineral or ordinary soils (1, 
p. 17-29). The Germans have long since recognized such a difference, for 
the former (4, p. 111-128) prescribing methods quite distinct from those 
employed with the latter (4, p. 1-110). 

During the past 30 to 40 years, a great number of peats have been analyzed 
in Germany and Sweden, the number in the latter country reaching, according 
to von Feilitzen (3, p, 164), a total of 3700 samples as early as 1903. This 
work was begun at the Bremen station and the special method developed 
there was followed in the Jonkoping laboratory of the Swedish Peat Land 
Cultivation Society for the first few years after it was established in 1886. 
But another method for the determination of the mineral constitu tents of 
these soils was soon developed and this has since been used exclusively there. 
We shall refer to this as the Jdnkoping method. 

The only previous comparison of the two methods reported is one from the 
Jonkoping laboratory in 1892 (2, p. 452-457). As a large number of peat 
soils are being analyzed in this laboratory it appeared desirable to make a 
further comparison, especially as a recent study by one of us (6) caused us to 
suspect that the iron content might have an important influence upon the 
amount of phosphoric acid recoverable by the Jonkoping method. 

Bremen method 

According to the Bremen method (4, p. 118-119), used in general by the 
German peat experimental stations, a sample of peat is incinerated and the 
ash extracted with aqua regia. In a hydrochloric acid solution of the mate- 
rial rendered soluble in this manner the percentages of lime and phosphoric 
acid are determined by the usual procedure. 

^ Published with the approval of the Director as Paper No. 98, of the Journal Series of 
the Minnesota Agricultural Experiment Station. 
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Jdnkdping method 

This method has been employed by the Swedish Peat Land Cultivation 
Society for the analysis of all peat soils since 1890 (3, p. 164), It consists 
(5) in digesting at room temperature a quantity of air-dried soil equivalent to 
about 70 gm. of water-free material with 700 cc. of 12 per cent hydrochloric 
acid for 48 hours. At the end of this time the extract is filtered twice, first 
through linen and then through filter paper and from the solution thus 
obtained SO-cc. portions (5 gm.) are taken for the determination of lime and 
phosphoric acid as well as the oxides of iron and aluminum. 

Lime (5, p. 22). A 50-cc. portion of the acid extract is evaporated to dry- 
ness and the residue ignited over a Bunsen burner, at first gently, more 
strongly toward the end, but avoiding any intense ignition. As soon as the 
contents of the dish have started to glow it is covered with a thin asbestos 
disc and the ignition continued for three-quarters of an hour, after which 
the crust formed is broken up with a glass rod and the ignition continued 
half an hour longer, or until no carbon is to be observed on the sides of the 
dish or in the ignited mass. As soon as it is free of carbon the residue is 
pulverized by means of a heavy glass rod or agate pestle, treated with water 
and a pinch of sal ammoniac, and the mixture digested on the water bath 
for an hour with occasional stirring. At the end of this time the liquid is 
filtered off, the residue extracted twice with boiling water, and finally trans- 
ferred to a filter and washed. The lime is determined in the filtrate, using 
the permanganate method. 

Phosphoric acid (5, p. 26). Another 50-cc. portion of the acid extract is 
evaporated and incinerated as described above, the residue extracted with 
hydrochloric acid, filtered, evaporated to dryness and finally taken up with 
25 per cent nitric acid. The phosphorus in this solution is determined volu- 
metrically, a normal solution of sodium hydroxide being used as a solvent for 
the yellow precipitate, and the excess titrated with normal nitric acid, with 
the factor 1 cc. of normal sodium hydroxide == 0.00315 gm. P 2 O 6 . 

DATA OBTAINED BY C. VON FEILITZEN 

There appears to be only one publication that deals with the relative 
amounts of the various constituents obtained by the above-mentioned meth- 
ods. Von Feilitzen (2, p. 449-457) in 1892 reported a comparison in the 
case of 11 Swedish peats and mucks. The portions of his data bearing on 
the present subject have been assembled in table 1. 

It is to be observed that the amount of lime obtained by the two methods 
is, for practical purposes, about the same, it being slightly the lower with the 
Jdnkbpi^ method, but that only from one-half to less than one-third as much 
phosphoric acid is obtained by the latter method. While the amounts of 
the oiides of iron and aluminum do not differ widely, if the three muck 
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soils, the last in the list, are left out of the comparison, the Bremen method 
gives the larger amount in every case. 

EXPERIMENTAL 

Eight samples of peat soil, varying in lime content from 0.6 per cent to 
3.9 per cent, were used in this study. The composition, depth and source 
of each sample are shown in table 2. 

TABLE 1 


Comparison of the Bremen (B) and Jimkuping (J) methods for the analysis of peat and muck 
soilSf as shown by data obtained by von FeUitzen 


SAMPLE 

DEPTH 

VOLA- 

TILE 

MATTER 



CaO 

P.Oi 

B 

•J 

B 

J 

B 

J 


cm. 

per cent 

Per cent 

percent 

Percent 

Percent 

Percent 

Percent 



0-30 

98.05j 

0.24 

0.16 

0.21 

0.16 

0.11 

6.05 



30-60 

98.60| 

0.29 

0.22 

0.19 

0.21 

0.06 

0.03 

Highmoor, Flahult 


60-90 

98.591 

0.30 

0.30 

0.17 

0.18 

0.06 

0.02 



90-120 

98.58 

0 46 

0.39 

0.13 

0.13 

0.07 

0.02 



120-150 

98.63 

0.71 

0.57 

0.11 

0.10 

0.07 

0.01 

Lowmoors, Flahult 

0- 20 

88.85 

3.09 

2.74 

0.04 

0.08 

0.15 

0.07 

Martebo myr 

0- 20 

83.38 

2.00 

1.40 

8.48 

8.64 

0.12 

0.04 

VargWa 

0- 20 

70.71 

1.45 

0.78 

1.35 

1.17 

0.10 

0.03 

Vargs^ter 

0- 20 

46.32 

10.12 

5.12 

2.89 

2.71 

0.25 

0.10 

Skeppsholmen 

0- 20 

25.59 

1 7.39 

4.57 

0.61 

0.28 

0.30 

0.13 

Hbgs gard 

0- 20 

21.02 

8.52 

3.92 

0.59 

0.22 

0.22 

0.10 


TABLE 2 


Comparison of the Bremen {B) and the Jbnkbping (/) methods in the analysis of Minnesota 

peat soils 


SAMPLE 

SOURCE Of SAMPLE, COUNTY 

DEPTH 

VOLA- 

TILE 

MATTER 


CaO 

PiOi 

B 

J 

B 

J 



inches 

P^ cent 


Percent 

Percent 

percent 

percent 

1 

Anoka 

D-8 

74.3 

5.66 

3.91 

3.35 

0.55 

0.34 

2 

Anoka 

0-8 

77.8 



2.60 

0.42 

0.20 

3 

Anoka 

0-8 

77.4 


1.36 


0.30 

0.10 

4 

Anoka 

0-8 

83.4 


2.25 

HQi 

0.33 

0.10 

5 

Ramsey 

0-8 

83.8 

1.22 

1.24 

Qgl 

0.32 

0.11 

6 


9-16 

90.7 

1.55 



0.20 

0.03 

7 

Blue Earth 

9-16 

78.0 

1.36 

2.79 

2.50 

0.23 

0.07 

8 

Itasca 

0-8 

89.5 

1.10 

0.80 

0,55 

0.25 

0.09 


In order to be able to compute the amount of the moist peat equivalent to 
70 gm. of dry material, as specified in the Jonkoping method, duplicate mois- 
ture determinations were made by drying small samples for 24 hours in a 
water oven. In adding the 12 per cent hydrochloric acid the water in the 
peat was taken into consideration and allowance made for this, enough con- 
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centrated hydrochloric acid being added after the bulk of the 12 per cent 
acid had been put on the sample to bring the final strength of the hydrochloric 
acid up to the required 12 per cent;, The digestion was carried out in liter 
bottles with frequent shaking. At the end of the 48-hour period the super- 
natant liquid was filtered off and the analyses made as described above. 

In the Bremen method 5-gm. samples were weighed out in silica dishes and 
ignited, at first very gently but finally in the muffle. The ash thus obtained 
was evaporated with 25 cc. of aqua regia to complete dryness twice and then 
taken up with hydrochloric acid, diluted to 500 cc. with water and an aliquot 
part of this taken for each determination. 

The eight samples were analyzed by both of the above-described methods. 
The results are shown in table 2. The same general observations made in 
regard to the work reported by von Feilitzen (table 1) may be applied to 
these. While the amount of lime obtained by the Bremen method is in every 
case* greater than that obtained by the Jonkoping, the difference in amount is 
not so great but that the percentage of this constituent found adequate for 
plant growth by the former should also prove adequate when the determi- 
nation is made by the latter. 

The phosphoric acid obtained by the Bremen method is from two to three 
times greater than that obtained by the Jonkoping. Von Feilitzen (3, p. 
160-162) has already pointed out that the difference in the amount of this 
constituent obtained by the two methods constituted their chief difference, 
claiming that the smaller amount obtained more truly represented that 
actually available for plant growth since much of the phosphoric acid found 
when a peat is ashed is not available for plant use. 

Completeness of recovery of lime and phosphoric acid 

The completeness of recovery of the lime and phosphoric acid in the acid 
extract obtained by the Jonkoping method was tested. The data are reported 
in table 3. It is to be seen that not the whole of the lime is recovered, in 
most cases sufficient being found in the residue to make the total amount 
extracted by the acid equal to that found by the Bremen method. As a 
measure of precaution we had extracted the residue five times with hot 
water instead of only twice, as is done in the Jonkoping laboratory. So the 
shortage cannot be attributed to insufficient washing of the residue preceding 
its removal from the dish to the filter. It is of interest to note that the 
amoimt found in the residue varies directly with the percentage of oxide of 
iron. In general the higher the percentage of this constituent the larger 
was the amount of lime found in the residue. There is no definite relation 
between the amount of lime in the residue and the amount of oxide of 
aluminum. 

Practically the whole of the phosphoric acid extracted by the 12 per cent 
hydrochloric add is recovered, only a negligible quantity for the most part 
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being left m the residue. It will be seen that in the cases where the larger 
amounts are found in the residue the sample carries a comparatively high 
percentage of iron oxide. One of us has already shown (6, p. 306-*307) that 
phosphoric acid may be held in the residue when this has been heated too 
strongly, as a result of the formation of dfficulty-soluble phosphates of iron 
and aluminum. There appears to be no definite relation between the amount 
of oxide of iron present and the amoimt of phosphoric acid extracted. 

SUMMARY 

1. Two methods for the determination of lime and phosphoric acid in peat 
soils are compared, viz., the Bremen, in which the sample is incinerated and 
the ash extracted with aqua regia, and the Jonkoping, in which an air-dry 
sample is extracted with 12 per cent hydrochloric acid. 


TABLE 3 

Analysis of Minnesota peat soils by the Jbnkbping method ^ showing the completeness of recorery 
of lime and phosphoric acid from the acid extract 


SAMPLE 

AhOi 

FeiOi 

LIME (C&O) 

PHOSPHORIC AQD (PsO|) 

Oiiginal 

extract 

Residue 

from 

extract 

Total 

amount 

extracted 

1 

Original 

extract 

Residue 

from 

extract 

Total 

amount 

extracted 


per cmt 

per cent 

Percent 

Per cent 

Per cent 

Percent 

Per cent 

percent 

1 

1.89 

3.77 


0.67 

4.02 

0.34 

0.020 

0.360 

2 

1.69 

2.52 


0.37 

2.96 

0.20 

0.014 

0.214 

3 

1.35 

1.85 

1.10 

0.28 

1.38 

0.10 

0.004 

0.104 

4 

2.38 

1.57 

1.94 

0.21 

2,15 

0.10 


moM 

5 

0.79 

6.43 

0.94 

0.18 

1.12 

0.11 

mm 


6 

1.18 

0.37 

o.eo 

0.05 

0.65 

0.03 

0.003 

mim 

7 

1.03 

0.33 

2,50 

0.13 

2.63 

0.07 

0.005 

isi 

8 

0.80 

0.30 

0.55 

0.14 

0.69 

0.09 

0.002 

■1 


2. With the former, larger amounts of iron and aluminum oxides, lime 
and phosphoric add are obtained, the difference with the first three con- 
stituents being small, but that of the last very large. 

3. The smaller amount of lime found by the Jonkoping method is due to 
part of that extracted being rendered insoluble in water in the course of the 
analysis and hence not included in the final precipitation. This unrecovered 
portion varies directly with the amount of iron present. Practically all of 
the phosphoric acid is recovered from the acid extract. 


8C»1. SaEMCS, VOl.. V, MO, 3 
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INTRODUCTION 

The knowledge that plants require certain mineral constituents in order 
to continue their life processes, dates back to the time of Liebig (6). It 
was, however, not definitely known until 1870 just what these essential salts 
are. In that year Nobbe (7) and his associates, through careful investigation, 
demonstrated to what extent plant activities would continue in the absence 
of the various elements. The proof that plants of the lower order require 
the same essential mineral constituents is now quite well established. 

The literature relating to the influence of certain inorganic salts on biologi- 
cal activities is voluminous. Some of the researches on the subject have 
been referred to in another paper by the writer (2). In the data set forth 
by Gerlach and Vogel (1) in 1903, and by Vogel (10) in 1912, these investi- 
gators demonstrated the extent to which microbial activities (fixation of 
nitrogen by Azotobacter chroococcum) take place when certain of the essential 
elements are not supplied. In a similar way Krzemieniewska (5) in 1910 
showed that K, Ca, Mg, P and S were all essential to the development of 
Azotobacter, In these experiments the physical factor, namely, the effect 
upon the microbial activities in varying the total osmotic concentration of 
the various solutions when demonstrating the effect of the various cations 
and anions, was not considered. Also, the antagonism of the various salts 
was not observed. 

Since it has been demonstrated by the respective methods of the above 
investigators that potassium is one of the essential inorganic cations for 
bacteria (nitrogen-fixing) it was deemed of scientific importance to verify 
these results, if possible, by methods in which the physical factors were con- 
trolled. Still further, it appeared desirable to ascertain to what extent potas- 
sium is a factor. In other words, how much of this element do microorgan- 
isms require in order to carry on their life processes? 

EFFECT OF VARUTION IN TOTAL CONCENTRATION AND LACK OF POTASSIUM 
UPON BIOLOGICAL ACTIVITIES 

Tottingham (9) and Shive (8), working with plants, and the writer (3), 
in a previous work with microorganisms, demonstrated to what extent the 

‘ Paper read at the meeting of the Socie^ of American Bacteriologists, at Washington, 
D. C., December 27, 1917. 
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total concentration (all other factors, as the arrangement of salts, etc., being 
constant) influences life processes. At a very low concentration (total 0.10 
atmosphere) the writer found practically no difference in the formation of 
ammonia from dialyzed peptone by Bacillus subHlis in the various combina- 
tions of the three salts. For this reason, and also since a considerable amount 
of ammonia was formed in all the solutions of the sub-optimal series (total 
concentration 0.10 atmosphere) and the amounts corresponded very favor- 
ably with the amounts formed in the optimal series (total concentration 1.0 
atmosphere), this concentration (0.10 atmosphere) was adopted as the most 
desirable for investigations to ascertain the requirements of microorganisms. 

At such a low concentration as 0.10 atmosphere of diffusion tension, keep- 
ing the salts in their same proportion, to what extent is it possible to vary 
the total concentration of the solutions without altering the results? An 
experiment was performed to ascertain if it is possible to reduce the total 
concentration from 0.1 to 0.09 atmosphere without materially affecting the 
ammonia production. , 

The Gibbs triangle scheme which was successfully employed in previous 
biological work (3, 4) was used. In this case, however, it was only to make 
use of the solutions appearing on the left-hand side of the triangle where the 
potassium sulfate furnishes but one-tenth of the total diffusion tension, and 
the other two salts are in various proportions. These solutions are indicated 
aS RiCi, RsCi, RbCi, R7C1 and RgCi. 

Three series of each of the solutions, RiCi, RaCi, etc., were prepared. In 
series I, the solutions were identical to the corresponding solutions of the 
sub-optimal series of the previous work (3), in which the total concentration 
of the three salts added was 0.10 atmosphere. In series II the three salts 
were all in the same proportion as the corresponding solutions in series I, 
but the total amount of salt was one-tenth less than in series I. In series 
III the proportion of the two salts magnesium sulfate and calcium phosphate 
was the same as in the other two series, the total amount of each the same 
as in series I, and the total osmotic concentration the same in series II. To 
test the biological activity in the absence of potash, in the third series potas- 
sium sulfate was left out of the combination. 

The method of calculating and preparing solutions of known concentra- 
tion was the same as is given in detail in the previous paper (3), Similarly 
dialyzed peptone, the equivalent of 100 mgm. of nitrogen, of the same stock 
solution was used. As before, the solutions were inoculated with a pure 
culture of B, suhtilis and incubated for 7 days at 30®C., at the end of which 
period the ammonia determinations were made. All determinations were 
made in duplicate or triplicate, the average of which is recorded in table 1. 
The experimental error was never more than 3.5 per cent. 

The results for series I as presented in the table 1 demonstrate that there 
was the same amount of ammonia formed in the various solutions composed 
of the different combinations of the three salts. This corroborates the results 
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previously obtained by the writer. In like manner, the same amount of 
ammonia was realized in the various solutions of series II. This was also 
true in the third series. As the results of series I are practically the same as 
those of series II, we would conclude that reducing the total concentration 
from 0.10 to 0.09 atmosphere, while keeping the salt proportion the same, 
under the conditions of the experiment would not cause any difference in the 
biological activities. 

TABLE 1 


Effect of different concentrations of various combinations of 3-salt solutions and similar solutions 
without potassium sulfate upon the formation of ammonia from dialyzed peptone 
by Bacillus subtilis 


SERIES 

NO. 

SOLUTION NO. 

SALT PROPORTION 

TOTAL CON- 
CENTRATION 

AMOUNT OF 
AMMONIA 
FORMED 

1 

RiCi 


lMgS04 

IK 2 SO 4 

8Ca(H2P0i)2.2H202H,0 

0.10 

mgM. N 

34.0 

1 

R.C. 

[ 

1 

3MgS04 

IK 2 SO 4 

6Ca(H2P04)2.2Ha02H20 

0.10 

33.2 

1 

R.Ci j 

[ 

1 

5MgS04 

IK 2 SO 4 

4Ca(H2P04)2.2H202H,0 

0.10 

33.5 

1 

R 7 C 1 1 

[ 

i 

7MgS04 

lKaS04 

2 Ca(HaP 04 ) 2 . 2 H 202 Ha 0 

0.10 

33.6 

1 

R.C. 1 

1 

r 

1 

8MgS04 

IK 3 SO 4 

lCa(H 3 P 04 ) 2 . 2 H 202 H *0 

0.10 

33.2 

2 

Same as in series I 

Same as in series I. 

0.09 

33.6* 

3 

Same as in series I 

Same as in series 1, except no KaSOi 

1 0.09 

9.0 

nhfer.k ( nentone d.1one^ 

9.0 


M 


1 


* As the results of the various determinations of series II were all practically the same, 
as was also the case in series III, it is not necessary to repeat all the figures. 


In comparing the results of series III with those of the other two series, 
it is apparent that potassium is the limiting factor. While in series I and II 
we have the same arrangement of salts but a difference of 0.01 atmosphere in 
total concentration, the same amounts of ammonia were formed in both 
cases. Hence the slight variation in the partial concentration of each indi- 
vidual salt and the difference in the total concentration of the solution were 
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not influencing factors. In series I, the partial diffusion tension furnished 
by magnesium sulfate and calcium phosphate is the same as in series III, 
and the two series differ only in the total concentration, which is 0.01 atmo- 
sphere less in series III and in the absence of potassium sulfate in the latter. 
That the slight difference in total concentration does not influence the results 
is apparent from a comparison of series I and II, hence the difference of 24.5 
mgm. of nitrogen produced in the two series must be attributed to the lack 
of potassium. 

Also, the addition of magnesium sulfate and calcium phosphate, with a 
concentration of 0.09 atmosphere, without applying potassium sulfate, did 
not increase the ammonia formation over that of the check (peptone alone). 
A chemical analysis of the dialyzed peptone which was used showed the pres- 
ence of the following: 0.02 per cent P 2 O 6 ; 0.0044 per cent SOs, 0.0024 per cent 
K 2 O, 0.0067 per cent CaO, and 0.00234 per cent MgO. Since 5 cc. of the pep- 
tone furnishing 100 mgm. of nitrogen was used, 0.1 mgm. of K 2 O was added 
in each determination. As is shown in series III, this amount of potash 
furnished sufficient potassium to allow the formation of 9.0 mgm. of ammonia. 

That the cation K and not the anion SO3 was the limiting factor, since there 
was sufficient SO3 furnished by magnesium sulfate in series III to supply the 
needs of the organisms, has already been demonstrated in previous experi- 
ments. In the sub-optimal series, practically the same amounts of ammonia 
were formed irrespective of the amounts of the various salts and SOs. 

THE EXTENT OF POTASSIUli: REQUIREMENTS BY BACTERIA 

With the above data at hand, an experiment was performed to ascertain 
how much potassium organisms require to fulfil their needs. The total con- 
centration of the solution used varied from 0.10 to 0.09 atmosphere. Four 
sets of three solutions each were prepared as before. In all cases magnesium 
sulfate furnished one-tenth and calcium phosphate eight-tenths of the total 
concentration. In the first set potassium sulfate furnished one-tenth of the 
concentration, in the second set one-half as much potassium sulfate was 
added as in the first, in the third ,one-fifth as much, and in the fourth set no 
potassium sulfate was added. A set of check determinations were made at 
the same time. 

From the data in table 2 it is evident that the organism used {B. subtilis) 
obtained suflScient potassium from 0.24 mgm. of K 2 O in 100 cc. of solution to 
carry on its maximum activities for 7 days at 30®C. Moreover, additions of 
two and one-half and five times this amount of potash were not effective, 
within experimental error, in increasing the ammonia formation. The addi- 
tion of but 0.24 mgm. of K 2 O in set 3 increased the ammonia formation 19.6' 
ihgm. oyer that in set 4. In comparing set 4 with the check, a slight increase 
in ammonia formation is evident when magnesium sulfate, calcium phosphate 
and no potassium sulfate were added. This amount, however, is practically 
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^thin eEperimeiital error. As is seen from an analysis of the peptone, 0.1 
mgm. of potash was supplied with the dialyzed peptone, but this amount 
was sufficient to cause a production of only 8.7 mgm. of NH 3 expressed as 
nitrogen even after the other two salts were added. However, when a very 
small amount of this salt is added, a very great increase in activity is realized. 
Such minute amounts suffice probably because these elements are utilized 
again and again during the various successive cycles of the organisms. 


TABLE 2 

Fotassvum requirements for microorganisms as determined hy the amounts of ammonia formed 
from dialyzed peptone hy Bacillus subtilis 


SALT PBOPORTXOM 


lMgS04 

lKaS04 

8Ca(HaP04)2.2H,0 

lMgS04 
0.5KiSO4 
8Ca(H2P04)2 2 H 2 O 

lMgS04 

O.2K2SO4 

8Ca(HaP04)2.2H20 

lMgS04 

0KaSO4 

8Ca(HaP04)2 2 H 3 O 


ACTUAL 
lAMOUNTS OF! 

KtO 

ADDED 


mgm. 

1.25 

0.62 

0.24 

0.00 


TOTAL CON- 
CENTEATlONi 
OF SALT 
SOLUTION 


atm. 

0 100 

0.095 

0.092 

0.090 


Check (peptone alone) 


AUICONIA 

FORMED 


mgm. N 

29.9 

30.3 

28.3 

8.7 


6.3 


Increase 
due to 
salts added 


mgm. N 

23.6 

24.0 

22.0 

2.4 


Increase 
due to 
KsO 


mgm.N 

21.2 

21.6 

19.6. 


SUMMARY 

With the physical conditions controlled, the results of the experiments here 
recorded indicate that: 

1. By keeping the salts in the same proportion, the total concentration 
of a 3-salt solution can be reduced from 0.10 to 0,09 atmosphere without influ- 
encing the extent of ammonia formation from dialyzed peptone by Bacillus 
subtilis, 

2. Potassium is essential to the development and activities of Bacillus 
Subitl'ts, 

3. If sufficient potassium for microorganisms is not present, magnesium 
sulfate and calcium phosphate will not influence the activities of (cannot be 
utilized by) Bacillus subtilis. 








224 


GEOUGE P. KOCH 


4. Supplying 0*24 mgm. of K 2 O in addition to 0.1 mgm* already supplied 
in the dialyzed peptone in 100 cc. of solution, furnished sufficient potassium 
for the maximum development and activity of Bacillus subtilis. Applying 
two and one-half or five times this amount of potash did not increase the 
activity of the bacteria over that produced with 0.24 mgm. 
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INTRODUCTION 

The decomposition of organic matter in the soil being generally a biological 
process, various indexes of biological activity have been used to measure it, 
the more common of which have been plate counting, ammonification and 
nitrification. Wollny (14), Lemmerman and his associates (4), Stoklasa 
and Earnest (10), van Suchtelen (12), and others have shown that the evolu- 
tion of carbon dioxide is an excellent index of the decomposition of soil organic 
matter. Later work has been done by Fred and Hart (2) and by Potter and 
Snyder (9) concerning the influnce of sulfates, phosphates and lime on carbon- 
dioxide production. Ammonification studies have been numerous b.ut a 
survey of the literature yields little on the relationship between ammonia 
accumulation and carbon-dioxide production. 

Discrepancies have been observed between an apparent increased biological 
activity in soils and an increased ammonia accumulation or vice-versa. Lip- 
man and his associates (6) found that the addition of soluble carbohydrates 
decreased the accumulation of ammonia, and, in later work (7), of nitrates 
also, the production of carbon dioxide, however, being increased. It is evi- 
dent that ammonia accumulation in itself can seldom be taken as a criterion 
of the intensity of action taking place. While ammonia is readily assimilated 
by most microorganisms and may therefore disappear as soon as liberated, 
the carbon dioxide produced is not used again by the same or by other species. 
Since carbon dioxide is not assimilated it becomes very nearly an absolute 
index of biological activity, with due regard to possible chemical formation 
under certain conditions. 

In view of the fact that ammonia determinations are much more easily 
made and because much valuable ammonification data have been obtained, 
an attempt is being made to learn more of the relationship between the assimi- 
lation of ammonia and the actual activity as shown by the production of 
carbon dioxide. There must be an optimum ratio between these two factors 
necessary for the most favorable soil conditions. 

22S 
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Considerable attention is given here to the activity of pure cultures of 
some of the more common species of soil organism, both bacteria and fungi. 
Work with a fresh soil or soil infusions involves so many factors and species 
that it is difficult to interpret the results obtained, or at least to know the 
real effect or effects resulting from changing some of the conditions of the 
experiment. Results obtained with pure cultures and with mixtures of the 
same in the natural soil medium, except as it is changed by sterilization, ought 
to be of value in interpreting the action of the natural flora and to aid, ulti- 
mately, in the management and improvement of soils so that they will yield 
the greatest possible returns without deterioration. 

Without at this time giving a more complete historical review there is here 
given a description of methods and of the apparatus, together with some of 
the data so far obtained. 

THE APPARATUS AND ITS MANIPULATION 

Some of the chief difficulties in obtaining a satisfactory apparatus for the 
determination of carbon dioxide evolved biologically, have been the lack of a 
source of slow, though continuous aspiration, too high a vacuum within cer- 
tain of the parts, incomplete remcwal of the carbon dioxide from the air enter- 
ing, incomplete absorption of the same gas produced, leakage, clogging of 
tubes, back suction and inconvenience in manipulation. It is believed that 
the apparatus used in this work does away with many of these defects al- 
though it may yet be much improved. Figure 1 gives a diagram of the dif- 
ferent parts, and a photograph of a few of the units is given in plate 1. Air 
enters the bottle A containing strong sodium or potassium hydroxide and 
passes through the tower of glass beads inserted into the bottle. Most of 
the carbon dioxide and much of the moisture is removed in this tower which 
lies at an angle which may be varied to suit conditions. The air then passes 
through the soda-lime tube B for the more complete removal of carbon dioxide. 
From thence it enters the distributing bottle C, bubbling through a dilute 
acid, in this case 10 per cent sulfuric acid, before entering the bell-jar Z>. 
The bell-jar stands on a pine or cypress board which is prepared by painting 
on both sides with hot paraffin wax. A hole large enough for the insertion 
of a no. 5 2-holed rubber stopper is bored beneath each bell-jar which is made 
air-tight against the paraffined board by means of a brush and molten paraffin. 
The paraffin thus used was softened somewhat by melting it up with one-third 
its weight of paraffin oil. The air, drawn from the bottom of the bell-jar, 
passes in through the side neck of the suction flask and up through the barium 
hydroxide bead tower JS, which removes the carbon dioxide produced by the 
organisms in flask F, From thence the line leads to the suction pump G 
which is fed by a siphon from the constant-level water tank H, 

In the apparatus as used, a bell-jar, tower and distributing bottle are con- 
nected up in sets of six, each leading back to one soda-lime tube and ahead 
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To B 


Fig, 1. A Diagram of the Apparatus Used to Determine Carbon Dioxide Evolved 

FROM Soil' 



' The principle involved in the pump was obtained from apparatus used by Dr. T> J« 
Headlee, entomologist of the New Jersey Agricultural Experiment Station. 
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to one suction pump. Each bell- jar and tower is in a separate line, however, 
diffusion of carbon dioxide being prevented by the acid solutions of the dis- 
tributing bottles C. The suction pump G as finally constructed produced a 
very constant, continuous suction and required but little water for its opera- 
tion. The tube leading from it being larger than the intake tube, bubbles 
of air are drawn down by the water in its descent. The pump itself consists 
of an ordinary thick-walled test-tube, fitted with stoppers at top and bottom, 
the closed end of the tube being broken off. * The length of the drain tube 
largely determines the suction power and it was found that a tube 4 to S 
feet long was sufficient. 

Clogging of the air inlet by the formation of crystals of sodium carbonate 
in the strong sodium hydroxide solution was prevented by using a bead tower 
A as shown, the opening at the bottom of the tower being 24 mm. in diameter. 
This tower was put in a slanting position to permit a slow, constant intake 
of air and to prevent as much of a vacuum as possible within the bell-jars. 

The barium hydroxide tower which is 24 inches high is a modification of 
one described by Truog (11). The side-necked suction flask is of the type 
ordinarily used for Gooch crucible work. The barium hydroxide solution, 
used to absorb the carbon dioxide liberated, was made by adding 40 gm. of 
Ba( 0 H) 28 H 20 per liter of distilled water. The solution was siphoned off 
after standing over night and kept in a bottle protected from the carbon 
dioxide of the air, delivery being made through an automatic burette. The 
oxalic acid solution, used to titrate the excess of barium hydroxide, contained 
8.6 gm. of the acid per liter. Both solutions were standardized in terms of 
milligrams of carbon dioxide per cubic centimeter.^ The procedure consisted 
of first adding the desired amount of barium hydroxide solution to the side- 
necked flask together With a few drops of phenolphthalein as an indicator 
and enough carbon-dioxide-free water to cause the liquid to rise about half 
way up in the bead tower when aspirating through the apparatus. When 
ready to make a determination the tower was partly withdrawn and washed 
free from barium hydroxide with carbon-dioxide-free water, the glass beads 
remaining in place because of the cloth gauze stretched over the bottom of 
the tube. The flasks were kept stoppered until titrated with oxalic acid, the 
residual barium hydroxide being thus determined. This method, although 
expeditious, results in some carbon-dioxide absorption from the air. Tests 
were conducted by aspirating for the customary periods with sterile .flasks in 
the bell- jars, and the average blank thus obtained was subtracted from each 
determination. 

The construction of the apparatus is such as absolutely to prevent any 
back suction of solution through the various units leading to the bell-jars. 
The amount of air aspirated was controlled with screw pinch cocks and was 
slow but continuous. Previous to a determination the air was allowed to 
circulate more rapidly for an hour. In view of the unquestioned value of 
carbon-dioxide determinations, it is hoped that a set of apparatus may finally 
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be perfected that will become as permanSnt a piece of laboratory equipment 
as an ammonia or a nitrogen still. Instead of bell-jars, for instance, metal 
jars, closed at the bottom and fitted with air-tight, removable covers, might 
be used. 


METHODS 

The bacteria used were grown on bouillon agar slants made in square bottles 
about 4 cm. wide and 10 cm. high. These were incubated at 28°C. for from 
4 to 6 days. When ready to use, 100 cc. of a sterile 0.6 per cent salt solution 
was added to each bottle. A sterile rubber stopper was then inserted, and a 
suspension obtained by shaking gently. Erlenmeyer flasks of 250 cc. capacity, 
containing 70 gm. of soil were sterilized at 15 pounds steam pressure for 
20 minutes and inoculated with 3 cc. of the suspensions. When mixtures of 
pure cultures were used for inoculating, these were obtained by pipetting 
equal amounts of the desired suspensions into a sterile flask from which 3-cc 
portions were drawn after gently shaking the mixture. This method of 
mixing reduces the total number of a given species but the inoculation was 
so heavy, at any rate, that this decrease was considered negligible. 

When fungus cultures were employed the procedure was similar, except 
that a longer incubation of the inoculating material was necessary to secure 
abundant sporulation. The medium used consisted of 0.25 gm. of magnesium 
sulfate, 0.25 gm. of di-potassium phosphate, 10 gm. of peptone, 20 gm. of 
glucose, 15 gm. of agar and 1000 cc. of water. The soil infusions used were 
obtained from a neutral loam well supplied with organic matter. 

The pure cultures employed were carefully tested as to purity and char- 
acteristics and were obtainlH from the stock cultures of the soil department 
of the New Jersey Agricultural Experiment Station^ Several tests made 
upon flasks of soil which had been inoculated in the above manner showed 
no contamination with foreign organisms. 

The soil was mixed with the organic material and other ingredients added 
by shaking for 5 minutes in a large bottle. The 70-gm. portions were then 
weighed out with a balance sensitive to 0.1 gm. The water content was 50 
per cent of the maximum as determined by the Hilgard method. Seventy- 
gram instead of 100-gm. portions were used because a thinner layer with 
the same surface area was obtained, thus permitting better aeration. In 
the work done so far a soil classified as Norfolk sandy loam has been used. 
This contains sand of fine texture and has a maximum water-holding capacity 
of 32 per cent. It is low in organic matter, containing only 0.02 per cent of 
nitrogen, and has a lime requirement of 550 pounds of calcium oxide per acre 
as determined by the Veitch method. 

Preliminary tests showed that the ammonia accumulation was about the 
same whether flasks were incubated without bell-jars or within, through which 
air was slowly but continuously circulated. The loss of moisture for a 12- 
day period was 1.2 gm. per flask within the bell-jars and 2 gm. without. Ac- 
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cordingly, some of the flasks for ammonia determinations were incubated 
apart from the apparatus during the same period that carbon-dioxide deter- 
minations were being made. The ammonia was determined by adding an 
excess of magnesium oxide and distilling in the usual way. 

In all cases checks have been subtracted from the reported amounts of 
carbon dioxide and of ammonia, which are the averages of duplicate deter- 
minations. The inoculated flasks were incubated in a room kept at a tem- 
perature of from 21® to 23®C. for a period of 12 days. 

TABLE 1 

A comparison of duplicate determinations of carbon dioxide production and of ammonia 

auumulation 



CO» PRODUCTION 

NHi ACCUMULATION 

ORGANISMS 

I 1 

2 

Aver- 

age 

Per cent 
of error 
from 
mean 

1 

2 

Average 

Per ceat 
of error 
from 

meftp 


Norfolk sandy loam + 1 per cent of cottonseed meal 



mgm. 

mgm. 

mgm. 


mgm. 

mgm. 

mgm. 


B. subtilis 

134.1 

138.8 

136.5 

3.4 



10.59 

9,5 

B. vulgatus 

169.1 

167.0 

168.1 

1.3 

7. 85 

8.61 

8.23 

9.2 

B. subtilis + B. vulgatus 

215.3 

201.2 

208.3 

6.7 




3.0 

B. mycoide^ 

60.4 

Lost 



1^ 

2.27 


12.3 

B. megatherium 

45.3 

37.7 

41.5 

18.3 

1.17 

1.67 

B|Q 

35.0 

B. mycoides 

40.7 

43.5 

41.6 

4.1 

1.42 

1.42 


00.0 

B. mycoides + B. megatherium 

38.4 

39.6 

39.0 


2.82 

2.32 

2.57 

2.0 

B. mycoides + B. vulgatus 

194.2 

202.3 

198.3 


8.00 


7.70 

7.7 


Norfolk sandy loam -|- 1 per cent of alfalfa meal 


B. subtilis 

89.5 

88.4 

89.0 

1.2 

2.38 

2.26 

2.32 

5.2 

B. subtilis (no. P20« added) 

81.7 

79.9 

80.8 

2.2 

2.51 

2,51 

2.51 

0.0 

B. megatherium 

73.9 

71.9 

72.9 

2.7 

1.12 

1.37 

1.25 

20.0 

B. megatherium (no. PtOi added)... 

63.4 

60.1 

61.8 

5.3 

1.37 

1.24 

1.31 

10.0 

Trichoderma sp 

160.1 

146.1 

153.1 

9.1 





Trichoderma sp. + Aspergillus 









niger 

167.1 

170.2 

168.7 

1.8 

-0.32 




Aspergillus nige'r 

145.2 

138.9 

142.1 

4.4 

-0.32 




Zygorhynchus Vuil + Trichoderma. 

133.2 

133.1 

133.2 

0.0 

0.44 




Zygorhynchus Yuil 

104.6 

1 90.5 

97.6 

14.4 

0.95 




Soil infusion 

253 8 

272.4 

1 

263.1 

7.1 

-0.45 

-0.45 

-0.45 


Average 

■ 

■ 

m 

5.2 




9.5 


* These ammonia determinations from the fungus cultures were not included because of 
the small amounts obtained. 
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A COMPARISON OF THE DUPLICATE DETERMINATIONS OF CARBON-DIOXIDE 
PRODUCTION AND OF AMMONIA ACCUMULATION 

It was observed that the variations between duplicate determinations ol 
carbon dioxide were greater during the first few days. But at the end of 
12 days the differences became less. Table 1 gives these duplicate determi- 
nations for the organisms discussed in the following pages. Averaging the 
percentages of error for each set of duplicates it was found that the average 
error for the carbon dioxide determinations was 5.2 per cent, while that for 
the ammonia determinations was 9.5 per cent. This indicates that carbon- 
dioxide production may be fairly accurately measured and that it was more 
uniform than the .ammonia accumulation. 


TABLE 2 

Carbon dioxide and ammonia produced from 1 per cent of cottonseed meal in Norfolk sandy loam 


TIME 

B. SUBTILIS 

B. VULOATUS 

B. UYCOIBES 

B. SUBTILIS -f- 
B. VULOATUS 

CO* 

NHt 

CO* 

NH* 

CO* 

NHt 

CO* 

NHt 

days 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

1 and 2 

17.7 


27.3 


13.4 


26.9 


3 and 4 

37.1 


49.1 

none 

9.3 

miwm 

64.8 

3.97 

5 

13.2 


25.7 


6.2 


17.6 


6 

13.4 

7.53 


2.69 

5.6 

1.18 

32.4 

6.88 

7 and 8 

18.1 

8.73 

15.9 

3,49 

5.8 

1.88 


9.37 

9 and 10 

22.8 

10.58 


4.86 

8.1 

1.56 

24.6 


11 and 12 

14.2 


9.1 

8.23 


2.19 

15.1 



136.5 


168.1 


60.4 


208.4 


Per cent of total nitrogen and of total 









carbon as found 

17.8 

26.6 

21.8 


7.9 

5.4 

27.1 

26.1 


THE RELATIVE OXIDIZING AND AMMONIFYING POWER OF SEVERAL PURE 
CULTURES AND OF MIXTURES OF THE SAME 

One per cent of cottonseed meal was the source of organic matter for the 
series given in table 2. It contained 5.84 per cent of nitrogen and 40.3 per 
cent of carbon. This was mixed with Norfolk sandy loam to which was 
added 0.066 per cent of acid phosphate, containing about 16 per cent of water- 
soluble phosphorus calculated as phosphoric pentoxide. Three-tenths of 1 
per cent of precipitated calcium carbonate also was added. These percen- 
tages are equivalent to about 2000 pounds and 9000 pounds per acre 9 inches. 
Table 3 gives data obtained under similar conditions for another series. 

Considering first the relative activities of these common soil types, it may 
be seen that Bacillus vtdgaius leads in carbonTdioxide production (table 2), 
oxidizing, in a 12-day period, 21.8 per cent of the carbon added in the cotton- 
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seed meaL Bacillus subHlis, giving considerably less carbon dioxide, caused 
the accumulation of more ammonia, amounting to 26,6 per cent of the total 
nitrogen added. A mixture of these two organisms gave a higher carbon- 
dioxide production than either alone, and an ammonia accumulation approxi- 
mating that of B, subtilis. Bacillus mycoideSy tested twice (tables 2 and 3), 
gave very much lower amounts both of carbon dioxide and of ammonia. 
Bacillus megatherium (table 3) was about as active as B. mycoides and a mix- 
ture of the two gave no increase in carbon dioxide. But mixing - 8 . vulgaius 
with B. mycoides caused a very marked increase both in carbon-dioxide pro- 
duction and in ammonia accumulation. This increase in carbon dioxide is 
easily observed in figure 3. Both figure 2 and figure 3 show that the maxi- 
mum rate of carbon-dioxide production always occurred before the fifth day 
of incubation. 


TABLE 3 


Carbon dioxide and an^monia produced from 1 per cerU of cottonseed meal in Norfolk sandy loam 


TIICE 

B. MYCOIDES 

B. MEGATHE- 
RIUM 

B. MEGATHE- 
RIUM -f 

B. MYCOIDES 

B. VULOATUS 
+ 

B. MYCOIDES 

CO* 

NHi 

CO* 

NHi 

COf 

NHi 

CO* 

NHi 

days 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

1 and 2 

12.9 


13.8 


11.6 


36.1 


3 

■Sli] 

0.50 

3.9 

1.19 

2.0 


20.6 


4 and 5 

5.6 

1.45 

8.6 

1.32 

48 

1.51 

43.1 

4.81 

6, 7, 8 and 9 

11.5 


9.8 


14.8 


75.1 


10 

2.6 


1.7 


1.8 


8.8 


11 and 12 

* 

5.8 

1.42 

3.7 

1.42 

4.1 

2.57 

14.7 


Totals 

41.6 


41.5 


39.1 


198.4 











found 

5.4 

3.5 

5.2 

3.5 

5.0 


25.8 

18.8 


A series in which ground alfalfa hay was used instead of cottonseed meal 
was inoculated with cultures of B. subtilis ^nd J5. megatherium (table 4). 
As shown in the table, the addition of acid phosphate caused an increase 
in carbon-dioxide but none in ammonia accumulation. Until more data are 
secured no conclusions can be drawn in the comparison of carbon-dioxide 
production in its relation to ammonia accumulation as influenced by phos- 
phates and by other salts. 

In a second series, with alfalfa as the source of organic matter, the activities 
of some fungi were measured and compared with those of a soil infusion (table 
5). The average oxidizing power for the bacteria (table 4) was 8.0 per cent, 
while that for the individual species of fungi was 16.5 per cent of the carbon 
added. The soil infusions greatly exceeded both, being 33.0 per cent. Tfie 
bacteria are not able to utilize the carbon of cured alfalfa as readily as fungi. 
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Fio. 2. The Daily pRODtrcnoN or Carbok Dioxidb from Norfolk Sandy Loam, Plus 
1 Per Cent of Cottonseed Meal, by Pure Cultures of Bacxeria*(Table 2) 



Fio. 3. The Daily Production of Carbon Dioxide from Norfolk Sandy Loam, plus 
1 Per Cent of Cottonseed Meal, by Pure Cultures of Bacteria (Table 3) 
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and this would be even more evident for a longer period, since the fungus 
cultures start more slowly but are more active at the end of 12 days. 

Glancing again at table 5 it may be seen that when a mixed culture of 
Trkhoderma sp. and Aspergillus niger is used an activity greater than that 
of either alone is obtained. Trichoderma sp. and Zygorhychus VuUleminii 
acting together showed an activity less than the one and greater than the 
other. It would be interesting to know more of the associative action of 
fungi and bacteria in pure cultures. The combinations of bacterial cultures 
so far studied, appear to be symbiotic in their behavior. Using ammonia 
accumulation as an index, Coleman (1) found, for low moisture contents, an 
antagonistic action between B, subtUis and Zygorhynchus VuUleminii, Soil 


TABLE 4 

Carbon dioxide and ammonia produced from 1 per cent of alfalfa in Norfolk sandy loam 
mth and without the addition of acid phosphate 


TIME 

B. SUBTILIS 

B. MEGATBEftIUM 

Acid phos- 
phate added 

No acid phos> 
phate added 

Acid phos- 
phate added 

No acid phos- 
phate added 

CO* 

NHi 

CO* 

NHi 

CO* 

NHi 

CO* 

NHi 

days 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

1 

7.1 


5.7 


7.8 


7.4 


2 and 3 

41.6 


38.6 


KlOlij 


26.6 


4 

■HB] 


8.3 


7.4 


5.0 


5 and 6 

12.6 


11.2 

1.63 


1.11 

9.8 


7 and 8 

6 1 


6.6 


6.8 


4.7 


9, 10, 11 and 12 

8.7 

2 32 

10.1 

2.51 

10.9 

1.25 

8.3 

1.31 

Totals 

89.0 


80. S 


72.9 


61.8 



M 



1 



1 



■ttl 




7.6 

8.0 

5 8 

8.4 

Per cent increase due to acid phos- 









phate 

10.1 




17.9 





infusions are known to be more active than individual organisms. Hence it 
may be inferred either that the associative action of the many species in an 
infusion is beneficial or that the most active species have not been isolated, 
and if they have, that they have been attenuated by artificial culture. 

Finally, it may be observed (table 5) that those fungi which oxidized the 
most gave the lowest accumulations of ammonia. In both cases where 
Aspergillus niger was added, as well as where a soil infusion was employed, 
the organisms even used up some of the ammonia shown to be present in the 
sterilized checks (fig. 5). 
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Fig. 4, The Production of Carbon Dioxide by Cultures of Bacteria and of Fungi 
AND BY A Soil Infusion, with 1 Per Cent of Cured Alfalfa in Norfolk Sandy 

Loam (Tables 4 and 5) 




Fig. S. The Parallel Accumulation of Ammonia by the Organisms for Which the 
Carbon-Dioxide Production is Given in Figure 4 
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THE CORRELATION BETWEEN CARBON-DIOXIDE PRODUCTION AND AMMONIA 
ACCUMULATION BY PURE CULTURES OF BACTERIA AND FUNGI AND 
BY SOIL INFUSIONS • 

In considering the relation of ammonia accumulation to the rate of organic 
decay it is of interest to inspect the data so far obtained from parallel deter- 
minations of ammonia and carbon-dioxide. Table 6 shows that a soil infusion 
decomposed nearly three times as much of the alfalfa as B. subtUis for a period 
of 8 days, the percentages of total carbon oxidized being 22.0 and 8.9, respec- 
tively. During this period B. subfilis caused the accumulation of 10.4 per 


TABLE 5 

Carbon dioxide and ammonia produced from 1 per cenX of alfalfa in Norfolk sandy loam by 

fungi and by a soil infusion 


TIME 

TKICHODEUCA 

SP. 

ASPESGILLUS 

NIGER 

ZYGOSHYNCHDS 

VUILLEMINIl 

sou. 

INFUSION 

TRICBODERMA 
SP. -h 

ASPERGIIXUS 

NIGER 

TRICBODERMA 
SP. + 

ZVCORHYNCEUS 

VUXlXEMINn 


CO 2 

NH« 

COt 

NH* 

COi 

NH* 

co» 

NH. 

CO. 

NH. 

CO. 

NHt 



mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 




47.5 




112.8 

-0.72 

45.4 


38.6 

0.31 










1 




6, 7 and 8 

77.6 


70.1 


44.6 


88.3 

-0.22 

91.0 


59.8 

0.70 

9,10,11 1 

29.6 


24.5 


15.1 


62.1 

-0.45 

32.3 


34.9 

0.52 

and 12 













Totals 

153.2 


142.1 


97.7 


263.1 


168.7 


133.3 


Per cent of 













carbon 
and of 
nitrogen 
as found. 

19.4 

4.4 

17.7 


12.3 

6.1 

33.0 


21.1 


16.7 

3.4 


TABLE 6 

The production of carbon dioxide and the accumulation of ammonia front; 2 per cent of alfalfa 
in Norfolk sandy loam by B, subtilis and a soil infusion 


dROANISUS 

1st day 

2nd day 

3rd day 

! 

4th day 

Stk and 
6th 

DAYS 

7th and 
8th 

DAYS 

TOTALS 

i|s 

gia 


B. subtilis 

mgm. 

mgm. 


mgm. 

mgm. 

mgm. 

mgm. 



. COi 

NH, 

Soil infusion 

47.3 

39.6 

1.70 

16.7 

9.8 

2.14 

15.6 

3.13 

11.2 

3.49 


8.9 

10.4 

CO, 

NH# 

47.0 


68.2 


91.8 

-1.20 

41.8 

-1.16 

1 345.4 

i 

22.0 

none 
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cent of the total nitrogen as ammonia, whereas the soil infusion not only 
caused no accumulation but even used up most of the small amount appear- 
ing in the checks after sterilizing. 

With alfalfa as the source of energy pure cultures of fungi give results 
similar to those obtained with a soil infusion (table 5). The less active of 
the fungi tested gave a small accumulation of ammonia while the more active 
species, like the soil infusions, used up some of the ammonia originally present 
in the checks as well as all that may have been liberated. 

Looking now at the action of bacteria upon alfalfa it may be noted that 
they (table 4) cannot utilize it as readily as fungi, the average amount oxidized 
by the two groups being 8.0 and 17.5 per cent, respectively. But the bac- 
teria, although they oxidized less than half as much carbon, caused the accu- 
mulation of 14.2 per cent of the total nitrogen as ammonia, or over three times 
as much as was accumulated by the fungi, for which the percentage was 4.6, 
not including the more active fungus cultures which produced no ammonia 
at all (fig. 4 and 5). 

Under the conditions of the experiment, an average of 12.2 per cent of the 
total carbon of cottonseed meal was oxidized by the bacterial cultures (tables 
2 and 3), while the average amount of nitrogen found as ammonia was 13.8 
per cent. The action of fungi upon cottonseed meal has not been studied 
with reference to the simultaneous production of carbon dioxide and accumu- 
lation of ammonia. Working with pure cultures, McLean and Wilson (8), 
and later Coleman (1), Kopeloff (3), and Waksman and Cook (13), have 
shown that fungi cause considerable accumulation of ammonia from cotton- 
seed meal, the amounts depending upon various factors such as phosphates, 
length of incubation, moisture, temperature and type of soil. Lipman and 
Burgess (5), studying several bacteria in pure cultures, found with a given 
type of soil, that the species giving the highest ammonia accumulation with 
one kind of organic matter was not always the highest accumulator with 
another kind. 

Referring again to the carbon-dioxide production and the ammonia accumu- 
lation from alfalfa, the data so far secured show that a low accumulation of 
ammonia is an indication of high rather than of low activity. With this 
type of organic matter the behavior of fungi was more like the action of soil 
infusions than the behavior of bacteria, indicating that the most active com- 
ponents of a soil flora, as obtained from an infusion, are fungi. 

It seems evident that other kinds of organic matter and of soils, as well as 
the effect of various fertilizing elements and soil amendments, should be 
studied with reference to the optimum ratio between carbon-dioxide produc- 
tion and ammonia accumulation. The action of pure cultures of bacteria, 
actinomyces and fungi, when mixed together in different combinations, 
deserves further consideration and investigation. If these three groups make 
up the natural soil flora, studies in such combinations or floras made up syn- 
thetically might throw more light on the interactions and needs of soil organ- 
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isms so that they could be better controlled and aided in their function of 
preparing food for plants. 


SUMBIARY 

The results obtained so far with the use of carbon dioxide as an index of 
biological activity and the correlation of this activity with ammonia accumu- 
lation may be summarized as follows. 

1. An apparatus is described for the determination of carbon dioxide 
evolved biologically from soil. 

2. Methods are given which were used for the study of organic decomposi- 
tion by pure cultures and by mixtures of pure cultures of microorganisms. 

3. Duplicate determinations indicate that the production of carbon dicixide 
is more uniform than the accumulation of ammonia for a 12-day period. 

4. In general a high carbon-dioxide production by pure cultures of bacteria 
was accompanied by a high ammonia accumulation, with 1 per cent of cotton- 
seed meal or of alfalfa in Norfolk sandy loam. 

5. Pure cultures of the fungi tested, oxidized more of the carbon of alfalfa 
than pure cultures of bacteria, but the bacteria caused the accumulation of 
much more ammonia. The more active species of fungi not only caused no 
accumulation of ammonia but even used up some of the small amounts appear- 
ing in the checks. Soil infusions resembled the fungus cultures with respect 
to ammonia accumulation but were more active in the production of carbon 
dioxide. 

6. With alfalfa as the source of organic matter a low accumulation of am- 
monia is an indication of a high rather than of a low activity. Furthermore, 
since the behavior of the soil infusions was more like that of fungi than of 
bacteria, it would seem that fungi were the more active components of the 
natural soil flora. 

7. The mixtures of pure cultures of bacteria tested showed no antagonism 
and in some cases a symbiotic relation seemed to exist. Mixtures of pure 
cultures of fungi or of fungi and bacteria have not been studied sufficiently 
to permit of any conclusion therefrom. 

In conclusion it is a pleasure to thank Dr. J. G. Lipman for his many help- 
ful suggestions given during the course of this work. 
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PLATE 1 

A part of the carbon-d^Mclde i^ppanatus set up in the constant temperature room. (Photo 

by R. F. Poole.) 
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EXPERIMENTS WITH SULFUR-PHOSPHATE COMPOSTS 
CONDUCTED UNDER FIELD CONDITIONS' 

J. G. LIPMAN AND H. C. McLEAN 
New Jersey Agricultural Experiment Station 
Received for Publication September 38, 1917 

SERIES I. COMPOSTS IN EARTHENWARE POTS 

It is often advantageous in research work to imitate natural conditions 
without sacrificing laboratory precision and careful control. Such at least 
was the need felt in carrying out the sulfur-floats composting experiments. 
It was desired to have certain mixtures placed in sufficiently direct contact 
with the soil to create natural conditions of soil moisture and temperature 
and yet to retain the mixtures well defined, thus assuring representative 
sampling, and also artificial control of atmospheric moisture. This require- 
ment was met by the use of porous earthenware pots — each provided with 
a hole in the bottom — ^placed in slight excavations, which were so adjusted 
that the tops of the pots were flush with the surface of the soil. 

The experiment as already stated was to deal with a variety of conditions 
rather than with varying combinations of materials. 

Four standard mixtures were used, viz., 

No. 1. Red silt loam soil (0.1190 per cent PjOi). 

No. 2. 2 parts sulfur to 12 parts soil 

No. 3. 6 parts floats to 12 parts soil. 

No. 4. 6 parts floats, 2 parts sulfur, and 12 parts soil. 

Four sets of these mixtures were made up — the proportions having been so 
adjusted that there were 20 pounds in each pot. Each set was placed under 
a different condition. Two sets were covered with waterproof canvas placed 
on a V-shaped frame open at each end. The other two sets were entirely 
exposed to the weather. The arrangement of the pots and the treatment 
which each received were as follows: 

^ See Lipman, J. G., and McLean, H. C. The oxidation of sulfur in soil as a means of 
increasing the availability of mineral phosphates. In Soil Sci., v, 1, p. 533, (1916). Sulfur 
oxidation in soUs and its eflect on the availability of mineral phosphates. In Soil Sci., v. 2, 
p. 499 (1916). Vegetation experiments on the availability of treated phosphates. In Soil 
Sd., V, 4, p. 337 (1917). 
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1. Soil, compost covered, inoculated. 

2. Soil, sulfur, covered, inoculated. 

3. Soil, floats, covered, inoculated. 

4. Soil, floats and sulfur, covered, inoculated. 

5. Soil, uncovered, 0.02 per cent aluminum sulfate, ferrous sulfate, inoculated. 

6. Soil, sulfur, uncovered, 0.02 per cent aluminum sulfate, 0.02 per cent ferrous sulfate, 

inoculated. 

7. Soil, floats,' uncovered, 0.02 per cent aluminum sulfate, 0.02 per cent ferrous sulfate, 

inoculated. 

8. Soil, floats, sulfur, uncovered, 0.02 per cent aluminum sulfate, 0.02 per cent ferrous sul- 

fate, intxulated. 

9. Soil, covered, 0.02 per cent aluminum sulfate, 0.02 per cent ferrous sulfate, inoculated. 

10. Soil, sulfur, covered, 0.02 per cent aluminum sulfate, 0.02 per cent ferrous sulfate, in- 

oculated. 

11. Soil, floats, covered, 0.02 per cent aluminum sulfate, 0.02 per cent ferrous sulfate, in- 

oculated. 

12. Soil, floats, sulfur, covered, 0.02 per cent aluminum sulfate, 0.02 per cent ferrous sulfate, 

inoculated. 

13. Soil, uncovered, inoculated. 

14. Soil, sulfur, uncovered, inoculated. 

15. Soil, floats, uncovered, inoculated. 

16. Soil, floats, sulfur, uncovered, inoculated. 

The quantity of available phosphoric acid found in the composts at differ- 
ent intervals is recorded in table 1. 

A discussion of the high production of available phosphoric acid where 
sulfur and floats were combined, as compared with the production in the 
other composts of each set, scarcely seems necessary. In view of the exten- 
sive data recorded elsewhere this was to be expected. Consideration will be 
given at this time only to the sulfur-floats combinations as affected by the 
environment to which they were exposed. 

Passing over the steady increase of available phosphoric acid at the suc- 
cessive dates of .sampling, and comparing the highest results obtained, which 
is at the end of 20 weeks, we note first of all that the cover protection exerted 
some influence. The pots imder cover exhibit a higher available phosphoric 
acid yield than do the others. No. 4 shows an accumulation of 36.86 per 
cent of the total phosphoric acid in an available form, as. against 29.68 per 
cent in No. 16. In the case of the composts which received the aluminum 
an4 iron salts we likewise observe a 32.55— 32.96 per cent accumulation of 
available phosphoric acid. As the covered pots were kept under optimum 
moisture conditions by artificial means, while the uncovered pots were always 
exposed, it would be expected that a greater chance for leaching would de- 
velop there; especially so, since rainy weather prevailed during a considerable 
part of the first fifteen weeks of the experiment. It is to leaching, therefore, 
that we ascribe this difference, 

* The ahimimim and iron salts did not, it seems, produce results like those 
obtained m laboratory experiments. In this instance the ferrous and alum- 
inum sulfates brought about an increase only in the uncovered set, and 
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this increase is not very large. In compost 8, we find 62.40 pounds of avail- 
able phosphoric acid, as against 56.20 pounds in compost 16, which received 
no addition of salts. In the covered set we find 69.80 pounds of available 
phosphoric acid in the compost receiving no salts as against 61.63 pounds in 
the treated ones. As the ferrous and aluminum sulfates were not added until 
5 weeks after the experiment was started, it is probable that this circumstance 
might account for the discrepancies noted. In the laboratory experiments 
the salts were always added when the composts were being started and hence 
it is probable that a stimulation was exerted at the time when the sulfofiers 
were developing vigorously. 


TABLE 1 


The content of available PaO# in the different composts calculated to pounds of P2O5 per ton 


COMPOST 

NUMBER 

AT 

BEGINNING 

AETER 

8 WEEKS 

AFTER 

11 WEEKS 

AFTER 

15 WEEKS 

AFTER 

20 HEEKS 

TOTAL PlO» 
IN 1 TON OF 
COMPOST 

TOTAL PlOs 
RENDERED 
AVAILABLE IN 
20 WEEKS 


pounds 

pounds 

pounds 

pounds 

pounds 

pounds 

per cent 

1 

0.53 

0.64 

0 63 

0 64 i 

0.598 

1.95 


2 

0.53 

0 63 

0 64 

0 61 

0 60 

1.67 


3 

2.96 

2.90 

3 32 

3 29 

3.45 

208.76 

1.65 

4 

3 13 

8 36 

23 51 

53.77 

69.80 

189.32 

36.86 

5 

0 53 

0 64 

0 61 

0.63 

0 65 



6 

0 53 

0 63 

0 64 

0.58 

0 60 



7 s 

2.96 

3.24 

3 53 

3.49 

3.80 

208.76 

1.82 

8 

3.13 

10 82 

19 23 

49 08 

62.40 

189.32 

32.96 

9 

0.53 

0 58 

0 62 

0 64 

0 65 



10 

0.53 

0 63 

0 64 

0 61 

0.71 



11 

2 96 

3 27 

3.41 

3 29 

3.40 

208.76 

1.62 

12 

3 13 

5.78 

14.56 

54.04 

61.63 

189.32 

32.55 

13 

0 53 

0.61 

0,63 

0.62 

0.64 



14 

0.53 

0.63 

0.62 

0 64 

0.78 



15 

2.96 

3.09 

3.49 

3.33 

3.13 

208.76 

1.49 

16 

3 13 

8.81 

15 91 

51.81 

56 20 

189.32 

29.68 


SERIES II. PRODUCTION OF AVAILABLE P 2 O 6 IN 2-TON COMPOSTS 

The theory of available phosphate production from insoluble phosphates, 
through the medium of sulfur, having been established by laboratory ex- 
perimentation, the next step would seem to be its commercial utilization. 

In the case at hand, the problem contains the practical application under 
farm conditions rather than from the factory standpoint. How can the indi- 
vidual farmer utilize the sulfur-floats method? This question can be best 
answered by actual field tests. Accordingly a number of composts of varying 
composition were made up in the latter part of October, 1916. The soil 
used was a red silt loam. It was sifted through a quarter-inch mesh sieve 
to facilitate handling. Tennessee brown rock phosphate containing 31.12 
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per cent of phosphoric acid, sulfur flour, and composted manure were the 
materials used in the composts. Samples of the manure and soil were secured 
and analyzed in order that the per cent of phosphoric acid rendered available 
in the compost could be calculated. The composts were made up so that at 
completion each weighed two tons. They were prepared according ^to the 
following plan: — 

Compost No. 

1. 4,000 pounds soil (0.1190 per cent PjOs). 

2. 3,800 pounds soil, 200 pounds sulfur. 

3. 3,600 pounds soil, 400 pounds floats. ^ 

4. 3,400 pounds soil, 400 pounds floats, 200 pounds sulfur. 

5. 3,600 pounds soil, 400 pounds sulfur, 

6. 3,200 pounds soil, 800 pounds floats, 

7. 2,800 {>ounds soil, 800 pounds floats, 400 pounds sulfur. 

8. 3,800 pounds soil, 200 pounds manure. 

9. 3,600 pounds soil, 200 pounds manure, 200 pounds sulfur. 

10. 3,400 pounds soil, 200 pounds manure, 400 pounds floats. 

11. 3,200 pounds soil, 200 pounds manure, 400 pounds floats, 200 pounds sulfur. 

12. 3,400 pounds soil, 200 pounds manure, 400 pounds sulfur. 

13. 3,000 pounds soil, 200 pounds manure, 800 pounds floats. 

14. 2,600 pounds soil, 200 pounds manure, 800 pounds floats, 400 pounds sulfur. 

each compost a thorough mixing of the constituents was obtained by 
shovelling over several times. Moreover, to insure an even mixture the 
sulfur, where used, was sifted through a fine-mesh sieve before its addition. 
Fourteen composts were made and exposed to the weather. They were so 
spaced as to prevent contamination of one heap by another. They were 
turned over on May 1, 1917. At different intervals samples were secured 
and analyzed for citrate-soluble phosphoric acid. The dates of sampling, 
and the results obtained are given in table 2. 

The maximum production of available phosphoric acid is shown at the 
end of 44 weeks. Since 400 pounds of rock phosphate contain 124,48 pounds 
of phosphoric acid, we at once note the high proportion made available in 
the composts containing both floats and sulfur. Likewise we note, in con- 
trast, the small amounts of available phosphoric acid obtained where sulfur 
was not employed with the floats. 

We note, further, that the check compost number 1 contained about the 
lowest amount of available phosphoric acid in its series, numbers 1 to 7 ; as 
also did the check compost number 8 for its series, numbers 8 to 14. Sulfur 
alone and with manure gave no appreciable increase over the check. In the 
case of the composts 3, 6, 10 and 13, which received floats, but no sulfur, it 
will be noted that the insoluble phosphates had undergone practically np 
changes in solubility throughout the entire 44-week period. It is only when 
‘the floats are* composted with sulfur that a change in availability is effected. 
The remarkable increase in available phosphoric acid from May 12 to Sep- 
tember 3, should be especially noted. It appears that the sulfoflcation proc- 



SXJLFTOrPBiOSPHATE COMPOSTS UNDER FIELD CONDITIONS 


247 


ess did not gain headway until the advent of warm weather. Once started 
it apparently developed very rapidly, imtil, on September 3, we find 96.98 
pounds, or 75.87 per cent of the total phosphoric acid, to be available in 
compost 4 where 400 pounds of floats, 200 pounds of sulfur, and 3400 pounds 
of soil were composted together. In compost 7 with the quantities of sulfur 
and floats doubled and the soil reduced to 2800 pounds, we note but a slight 
increase in available phosphoric acid over that obtained in compost 4. The 
amount of available phosphoric acid in this case was 99.79 pounds, or 39.65 * 
per cent of the total. The addition of manure did not increase the accumu- 
lation of available phosphoric acid in compost 11, for only 96.43 pounds were 
obtained here. This amount is the same as that obtained in compost 4 which 
contained no manure. In compost 14, however, the addition of manure 
evidently favored sulfofication, because 174.38 pounds, or 69.16 per cent of 

TABLE 2 


The content of available phosphorus in the composts at various intervals calculated to pounds of 

P.O. 


COMPOST 

kumber 

AT 

BEOXNMIKO 

OCTOBER 

31. 1916 

AFTER 10 
WEEKS 
JANUARY 

10, 1917 

AFTER 21 
WEEKS 
MARCH 

30, 1917 

AFTER 27 
WEEKS 
MAY 

12, 1917 

after*38 

WEEKS 

JULY 

23, 1917 

AFTER 44 
WEEKS 
SEPTEMBER 

3, 1917 

TOTAL P*0» 
IN COMPOST 

♦ 

TOTAL PlOl 
RENDERED 
AVAILABLE 
IN 44 WEEKS 


p&unds 

pounds 

pounds 

pounds 

pounds 

pounds 

pounds 

per cent 

1 

0.97 

0.96 

1.01 

0.92 

msm 

1.07 



2 

0.93 

0.95 




1.11 



3 

3.79 

4.25 

3.77 

4,26 

4.89 

6.45 

127.99 

5.04 

4 

3.85 

4.99 

5.18 

7.88 

47.96 

96 98 

127.82 

75.87 

5 

1.16 

1.14 

1.14 

1,01 

1.21 

1.16 



6 

6.09 

4.85 

4.85 

4.48 

6.95 

7.51 


2.98 

7 

5.65 

6.50 

6.89 

8.99 

49.99 

99.79 

251.69 

39.65 

8 

1.27 

1,57 

1.34 

1.36 

1.16 

2.22 



9 

1.41 

1,45 

1.35 

1.38 

1.47 

1.73 



10 

3,36 

2.35 

3.68 

3.33 

4 86 

5.23 

t27.80 

4.09 

11 

3.93 

4.38 

4.83 

9.61 

56.01 

96.43 


75.85 

12 

1.78 i 

1.50 

1.63 

1.69 

1.61 

2.89 ‘ 



13 

4.76 ! 

5.46 

4.98 

4.76 

6.95 

6.25 

252.53 

2.47 

14 

4.25 

7.62 

7.04 

25.58 

147.49 

174.38 

252.14 

69.16 


Jhe total phosphoric acid, were found to be available in this case as against 
99.79 pounds, or 39.65 per cent of the total phosphoric acid, in compost 7, 
which received the same quantities of sulfur and floats but no manure. On 
May 12, similar relative results were obtained. From October, 1916, to 
May 1917, sulfofication was practically suspended, although on May 1 it 
was observed that where sulfur was one of the constituents of the composts, 
their exterior, to a depth of one inch, showed an almost total absence of sul- 
fur. This indicated that it had been transformed into some other form, that 
is, it had been oxidized. Hence it is likely that even during the cold months 
some action had taken place in the outer layer of the compost, which was 
influenced either by aeration or temperature. 
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In conclusion, it appeares that composts should be made up in warm 
weather, and so constructed as to permit free access of air, if maximum results 
are to be obtained. 

SERIES in. SHALLOW COMPOSTS 

Laboratory experiments showed aeration to be an important factor in 
composting. On May 1, when the composts^ in the experiment already re- 
ported were turned, it was observed that the outer layer to the depth of one 
inch was devoid of sulfur, indicating that the sulfur was transformed rapidly 
only in the well aerated outer layer. It was therefore concluded that large 
composts, especially when placed in large heaps, were not the most desirable. 
The need of thorough aeration having been indicated, it was decided to pre- 
pare composts with a depth of about IS inches. This was on a small scale, 
the plots each being only 4 feet square. The soil, a Sassafras gravelly loam, 
was considered to weigh 80 pounds per cubic foot. With this soil contained 


TABLE 3 

Available phosphoric acid in shallow compost experiment calculated in pounds per ton of compost 


PLOT NUMBER AND TREATMENT 

AT 

BEGINNING 

AFTER 

6 WEEKS 

AFTER 

15 WEEKS 

AFTER 

20 WEEKS 



founds 

founds 

founds 

founds 

1. 

320 pounds floats 

3.49 

3.38 

3.89 

3.26 

2 . 

320 pounds floats and 106.66 pounds sulfur. 

3.98 

4.96 

27.39 

35.41 


within the 4x4 foot plot to a depth of 6 inches, the floats and sulfur were 
thoroughly mixed. Each compost was inoculated with soil known to possess 
a high sulfofying power. The composts were stirred every week, thus keep- 
ing them well aerated. The plan of the experiment and the results obtained 
are recorded in table 3. 

Each ton of the composted material was calculated to contain 186.72 
pounds of phosphoric acid in the floats alone, We therefore note with interest 
the contrast between the two composts, a low availability with the one; a 
high availability with the other. At the end of 6 weeks the sulfur-treated 
floats do not show such contrast, but after that the available phosphoric acid 
accumulated very rapidly until at the end of 20 weeks we find as much as 
35.41 poirnds of available phosphoric acid per ton of the air-dry compost as 
against 3.26 pounds in the compost containing only soil and floats. These 
results seem to indicate that the better aerajted mixtures were more effective 
than the 2-ton composts, for even at the end of 6 months the latter did not 
show as great an accumulation of available phosphoric acid as was obtained 
in this eaqjeriment at the end of 15 weeks. One point should be remembered, 
the 2-tmi composts were started in October at the beginning of cold weather, 
white thte experiment was started at the beginning of warm weather (April 
18)* Nevertheless, this experiment disclosed many advantages existing in 
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the use of shallow composts, and further trials for this reason were made 
with composts described in the next series. 

SERIES IV. MODIPIED SHALLOW COMPOSTS 

This experiment was designed to ascertain the best depth through which 
• sulfur and floats may be distributed in the soil, in order to obtain a ma x im um 
accumulation of available phosphoric acid. Five small plots, 2 feet square, 
were used. The soil within each area was removed to a different depth for 
each plot. The depths were; ^ inch, 1 inch, 2 inches, 3 inches, and 4 inches. 
The soils from the different plots were mixed together and the following pro- 
portionate mixture made: 

« 

100.00 parts Tennessee brown rock phosphate. 

33.33 parts sulfur flour. 

200.00 parts soil. 

The plot excavations were filled with this mixture flush with the surround- 
ing soil. Each plot received 0.02 pound of ferrous sulfate and 0.02 pound of 
aluminum sulfate for each 100 pounds of the compost mixture. In each case 


TABLE 4 

Influence of depth on the accumulation of available phosphoric acid: Available PsOi calculated 

in pounds per ton of compost 


PLOT NUMBER 

DEPTH 

1 AVAILABLE PsOi 

At beginning 

After 7 weeks 

After 14 weeks 


inchis 

pounds 

pounds 

pounds 

1 

i 

3.97 

9.(50 

13.40 

2 

1 

3.97 

9.17 

16.20 

3 

2 

3.97 

9.95 

21.20 

4 

3 

3.97 

15.37 

24.95 

5 

4 

3.97 

16.00 

25.90 


inoculation was made with soil known to be high in its sulfofying power. 
Cultivation was made easy by the flatness of the composts. This was the 
principal motive for making them flush with the ground. The composts in 
the preceding experiments were heaped up to a certain degree. The flat 
compost would represent the farmer’s possibilitv of making available phos- 
phorus by the sulfur-floats method in the open field. Under such conditions 
the soil could be stirred by ordiflary tillage implements, and this would con- 
stitute the most economical method of seciuing adequate aeration. In this 
experiment the plots were cultivated once a week. Samples were taken at the 
beginning and moisture and available phosphorus determined. At the end 
of 7 and 14 weeks, respectively, samples were also secured and analyzed. 
The plan of the experiment and the data secured are recorded in table 4. 
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At the end of 7 weeks we note not only a decided gain of available phos- 
phorus over the amount present at the beginning, but also observe compara- 
tively wide differences between the composts themselves. The depths of i, 

1 and 2 inches are nearly identical, each containing between nine and ten 
pounds of available phosphoric acid. The depths of 3 and 4 inches are also 
identical but contain considerably more available phosphoric acid, the amount^ 
being 15.37 and 16.00 pounds of P 2 O 5 , respectively. As the months of June 
and July were somewhat rainy it is very probable that considerable leaching 
occurred in the very shallow composts. The relatively higher results obtained 
at the end of 14 weeks would substantiate this. Nevertheless, the depths of 
3 and 4 inches still show the largest amount of available phosphoric acid. 
The large amounts of 24.95 and 25.90 pounds of P 2 O 5 in such a short period 
of time are very gratifying, making it appear that this method of composting 
will prove most acceptable for practical use by the individual farmer. 

SUMMARY 

1. The results obtained by the authors in experiments carried on under 
field conditions show that the sulfur-floats-soil compost may be utilized in 
rendering available the phosphorus of floats, thus confirming earlier experi- 
ments reported from the laboratories of the New Jersey Agricultural Experi- 
ment Station. 

2. Experiments are reported which were designed to determine the best 
form of compost from the standpoint of adequate aeration, 

3. Temperature is an important factor in sulfur oxidation. The results 
obtained would indicate that for maximum efficiency composts should be 
made up in warm weather. 



‘v. 

THE OXIDATION OF SULFUR BY MICROORGANISMS IN ITS 
RELATION TO THE AVAILABILIItY OF PHOSPHATES* 

HARRY C. McLEAN 
New Jersey Agricultural Exp^iment Station 
Received for publication September 28, 1917 

INTRODUCTION 

It has already been shown in previous experiments carried out at the New 
Jersey Agricultural Experiment Station (44, 45, 46, 47,) that: 

1. The oxidation of sulfur in sand and soils was found to render soluble in 
neutral ammonium citrate and water appreciable quantities of the phosphorus 
of raw rock phosphate. 

2. The largest amount of available phosphoric acid at the end of 30 weeks 
was found in composts made up with a red silt loam soil. In this case 85 
per cent of the phosphorus in the floats had been rendered available. 

3. In both sand and soils, the oxidation of sulfur as measured in terms 
of sulfates, paralleled the increase of available phosphoric acid. 

4. Moisture was an influential factor in the oxidation of sulfur and the 
making available of raw rock phosphate. 

5. Vegetation experiments showed that the sulfur-floats-soil compost could 
be employed to advantage as a substitute for acid phosphate. 

6. Experiments carried out under field conditions corroborated the results 
obtained in the laboratory. 

In view of the above findings, it was deemed advisable to start a number of 
new experiments designed to involve numerous attending factors and in- 
fluences: Therefore, since the above investigations were reported there has 
been an accumulation of valuable data, the importance of which not only 
surpassed expectations but predictions as v;ell. The great value of inoculation 
was established and aeration shown to be a vital factor. The purpose of this 
paper is to set forth the result^'of these investigations. 

Before entering upon a discussion of the results obtained it seems desirable 
to refer to certain publications on Sulfur oxidation, in part, reviewed in an 
earlier paper (47), which have a mbre or less direct bearing on tliie problem at 
hand. The numerous investigations which have been carried out by mixing 

^ Portion of a thesis submitted to the faculty*’ of Rutgers College in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy, September, 1917 (Ref. no. 50) . 

The writer is indebted to Dr. J. G. lapman for originally suggesting the problem and for 
viltiable ad>dce rendered during the progress of the work. 
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floats with decaying organic miatter, etc., in an endeavor to render insoluble 
phosphates soluble, have been i^eviewed elsewhere (47, 49, SO). In this place 
it need be stated merely that tlhe results obtained in such experiments were 
unsatisfactory. ^ 

\ HISTORICAL 

The fact that elemental sulfur; is transformed to sulfates in soils was recorded 
in 1869 by Mar6s (53). In ansv(/er to the question as to what becomes of sulfur 
which is applied to soils, he sayjp: ‘Tt is transformed into sulfuric acid which 
combines with the bases presen, t.’’ In order to demonstrate this he made a 
chemical examination of a calcaij-eous soil which had received annual additions 
since 1858 of elemental sulfur arid also soil from the same field which had not 
received any sulfur. He found large amounts of water-soluble sulfates in the 
former soil but none in the latten. The author emphasized the importance of 
having the sulfur evenly distributed in the soil, and of having it in a finely 
divided state, if it is to be oxidized rapidly. He also noted that the trans- 
formation of sulfur into sulfates \yas more rapid in soils which had been ferti- 
lized. In experiments designed fto determine whether hydrogen sulfide is an 
intermediate product in the oxidlation of sulfur, he found that such was not 
the case. Evidently he did not [know that sulfur oxidation is largely a bio- 
logical process, as he states that ^ If the surface soil is a porous layer which has a 
very strong oxidizing power.” He concluded that: (1) Sulfur may be trans- 
formed into sulfates by direct oxidation or else hydrogen sulfide might be an 
intermediate product, which would be converted into sulfates as soon as formed, 
or under favorable conditions it would be converted into sulfuric acid which 
would in turn act on any bases present in the soil; and (2) in certain soils, 
potassium might be brought into a soluble form by the oxidation of the sulfur. 

In 1877 it was suggested by Chiarles F. Panknin, of Charleston, S. C., that 
sulfur, if mixed with ground bone or ground mineral phosphates, would be 
oxidized to sulfuric acid when incjorporated into cultivated soil. He applied 
for a patent on his process in April, 1877, and succeeded in August of the same 
year in securing Letters Patent l!93,890. In his application for the patent 
Panknin made the following statentent: 

My invention relates to a compound consisting of a mixture of finely-powdered bone or 
mineral phosphates and finely-powdered s^sulfur, the said ingredients being mixed together 
and applied in a dry state, and the conversion of the insoluble phosphate of lime is ejected 
by the sulfuric acid eliminated by the natural oxidation of the sulfur of the mixture in the 
soil to which it is applied. 

To prepare the fertilizing compound, take 95 parts of the insoluble phosphates, (either 
bone or mineral phosphate,) in a finely piowdered state, and mix with it 5 parts of finely- 
powdered sulfur, both ingredients being in a dry state, though I do not confine myself to these 
proportions. This mixture though only mechanical in its character, when applied to the 
soil, becomes slowly transformed, the sulfur being first converted into sulfuric acid by a 
na^ral process of oxidation, and when so converted, uniting with the insoluble phosphates 
to form a, soluble phosphate, which is dissolved by the moisture of the soil, and acts in the 
' same miihner as phosphates made by artificial process. 
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In September, 1904, a patent application was submitted by William B. 
Chisholm of Charleston, S. C. and Patent 824,280 was secured by him on 
June 26, 1906. Chisholm makes the following statement: 

I find that the percentage of sulfur, by weight, to give effective results may in some in- 
stances be as low as forty pounds to the ton of the mixture — ^i.e., forty pounds of sulfur to 
nineteen hundred and sixty pounds of phosphate rock — and in other instances from sixty to 
one hundred pounds of sulfur to the ton of mixture. In the practical use of my invention I 
find that the crops produced are apparently far superior to what might reasonably be expected 
from the amount of available phosphate, nitrogen, and potash or other ingredients present 
in the final mixture. This may be due in part to the extreme fineness and intimate associa- 
tion of the admixed particles tending to facilitate their ready and uniform distribution 
through the soil, their chemical interaction under the influence of the moisture of the soil 
and the infiltrations of rain, and their increased solubility in said condition of impalpable 
powder; but I am further led to believe that the sulfur itself has an independent effect as a 
germicide, destroying bacterial and insect life prejudicial to the plant and either not inter- 
fering with or positively stimulating helpful bacteria. 

The above citations from the Panknin and Chisholm patents bring out some 
very interesting facts. It is evident that Panknin recognized nearly forty 
years ago the value of sulfur oxidation for transforming insoluble into soluble 
phosphates. He did not know, of course, that the process of sulfur oxidation 
is largely biological in character. Neither did he recognize that the very 
small quantities of sulfur recommended by him, namely 1 part to 20 parts of 
phosphate, were entirely inadequate for accomplishing the desired reaction. 
The same criticism may be made of the process proposed by Chisholm. In 
both instances relatively small amounts of sulfur are directly applied to the 
soil with the expectation that the sulfuric acid ultimately produced would 
attack the insoluble phosphates. 

In attempting to determine the value of sulfur as a fertilizer, DegruUy (19) 
discovered in 1911, that the sulfur applied at the rate of 109 gm, per square 
meter was largely oxidized to sulfates. 

Boullanger (7), and liter Boullanger and Dugardin (10), were able to prove 
a favorable effect of sulfur on crop yields. Since the corresponding results 
in sterilized soil were not marked, they concluded that the oxidation of sulfur 
is brought about by bacterial activities. The results just noted were con- 
firmed by Demolon (21, 22) in 1912 and again in 1913 (23). 

In his earlier experiments he employed S gm. of sulfur to each 100-gm. 
portion of soil. Notwithstanding the relatively large application, much of the 
sulfur was oxidized to sulfuric acid. In other experiments he added 1 per cent 
elemefital sulfur to a sterilized and an unsterilized soil. He found very little 
of the sulfur to have been oxidized in the sterilized soil at the end of two 
months, although a considerable amoimt was oxidized in the imsterilized soil. 
He obtained no reaction for gaseous SO* or H^S in this experiment. The 
author thinks that sulfur added to soils may act as a source of sulfuric acid. 
Subsequently, Demolon (23) in another paper records experiments in which 
he added 1 per cent of sulfur to garden soil, kept the mixture moist and at a 
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temperature of 20®C. Under these conditions appreciable quantities of sul- 
furic acid were formed, as shown by the amounts of calcium sulfate found in 
the mixture at the end of 40 days. It was observed at the same time that the 
oxidation of the sulfur was most active in a non-sterilized soil. 

In vegetation experiments it was found that when sulfur was supplied in an 
amount equal to that of the nitrogen, the yields were as good as those obtained 
from a complete fertilizer. He ascribed the beneficial action of sulfur as hav- 
ing been due to its influence on the activities of soil bacteria, as well as to its 
gradual transformation into sulfuric acid, and the reaction of the latter with 
basic material to form an increased supply of mineral plant-food. 

The oxidation of sulfur was made the subject of study also by Brioux and 
Guerbet (ll). They dealt particularly with the influence exerted on the 
oxidation of sulfur by the soil itself and by certain carbohydrates, peptone and 
certain other nitrogenous materials. Their investigations showed that 
carbohydrates had a retarding effect, while peptone accelerated it so that in 
30 days 82 per cent of the 4 gm. of the flowers of sulfur added, was oxidized 
to sulfates. In sterile soil and in soil which had been sterilized and inoculated 
with soil infusion, they found 1.6 per cent and 94.2 per cent, respectively^ of 
the 0.20 gm. of precipitated sulfur originally added, to be oxidized to sulfates 
in 16 days. Calcium carbonate was also found to have enhanced the rate of 
sulfur oxidation. Some bacteria which would oxidize sulfur were isolated, 
one of which would oxidize 18.6 per cent as against 3.6 per cent found in the 
sterile check. They concluded that the oxidation of sulfur in soils is a very 
complicated process which involves the activities of a number of species of 
bacteria. They think that perhaps the transformation is brought about in a 
way less direct than pure oxidation and in certain cases with the formation of 
hydrogen sulfide as an intermediate product. 

In another experiment they found the oxidation of sulfur in soil to have 
exerted a solvent action on the soil minerals. By extracting the soil with 
distilled water they obtained a considerable increase of potassium and cal- 
cium over that obtained from the check soil. A test showed that none of the 
soil phosphorus had been rendered soluble. 

In 1912 von Feilitzen (27) carried on some pot experiments designed to 
study the fertilizing action of flowers of sulfur on horse-beans and ray-grass. 
After harvesting the crops he tested the various soDs for water-soluble sulfates 
and acidity. Very little difference was noted in the sulfate content of the soils, 
although a litmus test showed the acidity to have been greatly increased by 
the sulfur. 

Pfeiffer and Blanck (57) during the same year found applications of sulfur 
at the rate of 267 and 524 pounds per acre, on field plots, to have increased the 
sulfate content of the soils. This increase was directly proportional to the 
amount of sulfur applied. The check plot was found to be neutral in reaction, 
while ^e^ others were strongly acid, showing that the sulfur had been Oxidized 
tosulfurmacid. 
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Some interesting data concerning the influence of sulfur on soil acidity are 
recorded by Lint (40). In order to ascertain the rate of oxidation of sulfur in 
soil, lOO-gm. portions of it were treated with 33 mgm. of flowers of sulfur, 
which is an addition equivalent to 100 pounds of sulfur per acre-foot of soil. 
The moisture content was 20 per cent. The acidity was found to increase up 
to the eighth week when all the sulfur was apparently oxidized. Experi- 
ments with a heavy clay loam and a sandy loam soil showed a much more 
rapid oxidation of the sulfur in the latter soil. Soils with a water content of 
20 per cent when allowed to dry did not cause as rapid an oxidation as those 
maintained at an optimum moisture content throughout the experiment. 

Somewhat later Pitz (59) found elemental sulfur to increase soil acidity, in 
amount proportionate to the per cent of sulfur applied, thus corroborating 
the work of other investigators. He also found the number of bacteria which 
would grow on agar plates to decrease after a certain period in a silt loam soil 
which had received an application of sulfur. 

Experiments reported a short time later by Duley (2S) confirmed the results 
just noted. however, found the sulfur to be oxidized to sulfates in both 
quartz sand and soil. The lime requirement of the soil which had been treated 
with sulfur was directly correlated with the amount of soluble sulfates formed. 

Shedd (65) also studied the oxidation of sulfur in soil and sand. With soil 
to which sulfur was added in amounts varying from 100 pounds to 7000 pounds 
per acre, he found by analysis, that 60 to 80 per cent of the sulfur, regardless 
of the amount added, was oxidized after a period of about 4 months.* Sulfur 
was oxidized also in the sand but not to the extent that it was in the soil. 

Kappen and Quensell (35) made a study of the sulfur cycle in soils. In 
connection with these experiments they studied the oxidation of ground rhom- 
bic sulfur, colloidal sulfur and the so-called “Schwefel milch.’’ The latter was 
prepared by mixing together 2 parts of sulfur, 1 part of calcium hydroxide and 
13 parts of water. The solution was heated until the constitutents dissolved. 
After diluting and precipitating with dilute hydrochloric acid, the precipitated 
sulfur was filtered and washed. Two hundred milligrams of the dry sulfur 
thus prepared and of the ground rhombic sulfur were mixed with the different 
soils under investigation, incubated for 6 weeks, extracted with 10 per cent 
hydrochloric acid and the sulfates determined in the extract. The results 
which they obtained are quoted below to show the striking oxidation of the 
precipitated sulfur. 


SOIL 

SO« PROIC 200 MOM. OP SULFUR 

Rhombic sulfur 

Precipitated sulfur 

Gla4ss sand 

mgm- 

3.69 

3.81 

16.44 

10.91 

mgm, 

44.63 

144.22 

227.57 

^284.01 

Sandy soil 

I^am soil 

Meadow soil 
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Brown and Kellogg (13) report some experiments on the so-called sulfo- 
fying power of soils. They find that each soil has a definite sulfof 3 dng power. 
Organic matter was found to increase the amount of sulfur oxidized. Manure 
and green manure increased it up to a certain point. Manure was found to 
play an important part in the oxidation processes, and the optimum moisture 
condition was apparently 50 per cent of complete saturation. Other experi- 
ments which they carried out show that aeration is an important factor, as 
is also the absence of carbohydrates. The presence of bacteria is essential, 
although the production of a small amount of sulfates was brought about by 
chemical action. 

Brown and Johnson (12) made a study of the effect of gypsum, acid phos- 
phate, rock phosphate, alone and with gypsum, and mono-calcium phosphate 
on sulfur oxidation in an alkaline soil high in organic matter. They found 
all of the above materials to exert a stimulating action when applied in amounts 
based on actual field conditions. The rock phosphate, mono-calcium phos- 
phate and gypsum e 3 |prted the greatest stimulating action. They report 
other experiments in which calcium and magnesium carbonates were employed. 
With small applications of calcium carbonate they obtained greatly increased 
sulfur oxidation, and even with excessive amounts a favorable effect was 
obtained. On the other hand, small applications of magnesium carbonate 
increased sulfofication, while large amounts exerted a depressing action. 

Ames and Boltz (1), in their recent study of the effect of sulfur on the 
growth of plants, found that it produced increased yields when applied to 
certain crops. In order to determine whether or not this beneficial action 
was due to the solvent action on the mineral soil constituents of the acids 
produced during the sulfofying processes, they conducted a composting 
experiment in which sterilized and unsterilized soils, a loam and a clay soil, 
and pure quartz sand were used. To 500-gm. portions of the soil and sand were 
added 0.25 gm. of flowers of sulfur and Tennessese phosphate rock in amounts 
containing 0,06 gm. of phosphorus. To each mixture was added 400 cc. of 
distilled water. After two months they found but a slight increase in the 
availability of the phosphorus, as measured by 0.2 per cent hydrochloric acid. 
The acidity of the mixture had also increased but little. 

Among the more recent investigations which have been made relating to 
sulfur oxidation, should be mentioned those of Ames and Richmond, and 
Brown and Warner. 

Ames and Richmond (2) report experiments in which the effect of sulfur, 
gypsum, and acid phosphate on the changes in nitrogen and phosphorus of 
horse manure were studied. They found all of these materials to be very 
effective in reducing the loss of dry matter in manure; sulfur flowers being the 
most effective. The materials also reduced the loss of nitrogen from the 
manure. Manure treated with acid phosphate, sulfur, and calcium phosphate 
lost, on to average, 3.5 per cent of its total nitrogen in 250 days, as compared 
with a 1^3$ <rf 10.5 per cent from untreated manure. A study of the hydrogen 
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sulfide evolved from the different manure mixtures showed the gas to bfi given 
off in largest amounts from the ones treated; the largest being evolved from 
those treated with sulfur. 

The acidity of water extracts from the mixtures after fermentation showed 
that the sulfur-treated manure had increased in acidity, while the untreated 
manure had become alkaline in reaction. 

The manure treated with flowers of sulfur produced water-soluble sulfates 
equivalent to 23.4 gm. of sulfuric acid, as compared with a loss of about 4 gm. 
of sulfuric acid from the imtreated manure. 

Brown and Warner (14) report experiments which confirm the results re- 
ported previously by the writer and also those reported in this paper. They 
made up mixtures of sulfur and floats, with compost, horse manure or cow 
manure. These mixtures were allowed to ferment for varying lengths of time 
and there was found to be an enormous increase in the production of avail- 
able phosphorus which continued up to fifteen weeks. The increase in 
available phosphorus was greater where the sulfur and floats were intimately 
mixed with thi manure than where they were added to the manure in layers. 
All of the manures and the soil tested contained efficient sulfofying organisms. 
The authors think that ‘^further tests of this method of producing available 
phosphorus may prove it to be of considerable practical value. 

In view of the fact that considerable work has been carried on in which sul- 
fur has been used in agricultural practice, the author thought that it would be 
advisable to give a brief resume of at least some of the more important results 
obtained from the use of sulfur as a fertilizer, in both this country and in 
Europe; especially so since a majority of the experiments have a direct relation 
to the question of sulfur oxidation. From a study of them we are able to 
obtain some indication as to the conditions, both physical and chemical, under 
which the most efficient oxidation of sulfur can be obtained in soil. 

SULFUR IN ITS RELATION TO PLANT GROWTH 

Up to the present time elementary sulfur or its compounds have not been 
generally considered essential as a constituent of commercial fertilizers. Hence 
their use as a fertilizer has been confined almost entirely to experiments. In 
recent years investigations on the effect of sulfur on plant growth have been 
quite common. Numerous reports have been made public from time to time. 
Possibly this stimulus to sulfur research has been due to the conflicting nature 
of these reports; for some investigators record a beneficial effect of sulfur on 
the growth of plants, others, a detrimental effect, and still others, no effect 
whatever. Even more conflicting are the explanations offered as to the 
action of sulfur in soils. 

However, it is generally agreed that plants contain, and require, sulfur, 
especially those rich in albuminoids. Even with the imperfect analyses of 
former years it was found that plants such as cabbage and alfalfa had a high 
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sulfur content. By an improved method of analysis Hart and Peterson (31) 
succeeded in demonstrating a still higher sulfur content in these and other 
crops. Among others Shedd (65) and Peterson (55, 56) report considerable 
amounts of sulfur in plants. Hart and Peterson (31) also showed that: 
‘^Normal soils are relatively poor in sulfur trioxide. An acre foot will contain 
from 1000 to 3000 pounds of sulfur trioxide. Soils cropped from fifty to sixty 
years and either unmanured or receiving but slight applications during that 
period have lost on the average 40 per cent of the sulfur trioxide originally 
present, as determined by comparison with virgin soils.” These results 
were later confirmed by Shedd (64) who^made a study of the sulfur conjtent of 
Kentucky soils. Also Kossovich (36) concluded that an impoverishment of 
the soil as to sulfates is possible and that sulfate must be added in fertilizers. 
Subsequent work of Robinson (62) showed that most of the important Ameri- 
can soils were low in sulfur. Thus an appreciable presence of sulfur in plants 
with a possible appreciable absence of it in soils would seem to justify the 
investigations that have been and are being made. 

Most of these investigations indicate beneficial effects from the use of sul- 
fates. The methods used and plants under trial have varied. Among the 
different sulfur compounds the sulfates were the first observed to enhance 
crop yields. Bogdanov (5) in 1899 found a response to fertilizers containing 
sulfates. In 1905 Dymond, Hughes and Jupe (26) demonstrated the value of 
sulfates, particularly with crops containing a high proportion of albuminoids. 
Lierke (38) reports that fruits responded to fertilizers containing considerable 
amounts of sulfates. Reimer (61), Hart and Tottingham (32) and many 
others also record beneficial results from the use of sulfates. 

Other compounds of sulfur have also been tried. Pyrites at the rate of 89.2 
to 178.5 pounds per acre were found by Vermorel and Danthony (73) to augment 
the yields of wheat and beans 30 to 60 per cent when used in combination with 
organic matter. Galtsev and Yakushkin (29) likewise found pyrites to exert 
a beneficial effect. Sulfuric acid tested by Rabat^ (60) and by Demolon (23), 
sulfurous acid and carbon bisulfid tried by Demolon (23) and various sulfites 
employed by others were found to exert a fertilizing effect upon plants. 

Quite recently there has developed a wide interest in elementary sulfur, 
although its fertilizing effect on vines was noted over half a century ago. In 
1858 Mar6s (42) discussing some of his own observations, said: *‘On peut 
considerer le soufre, pour les vignes, comme un engrais, on plutot comme un 
amenderrient d^un ordre particulier.” 

From time to time the belief had also been expressed that sulfur where used 
for potato diseases was not only effective in reducing the disease but also 
in increasing the yield. In 1911 Chancrin and Desriot (16), using 223 to 446 
pounds of sulfur per acre, noted an increase in potato and beet crops. In 
191% Chancrin and Desriot (17) again report increased yields. A continua- 
tion <3 this work was reported in 1913 by Desriot (24). Boullanger (8) 
lasted fiowers of sulfur in comparison with various sulfates on carrots, beans, 
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celery, spinach, lettuce, sorrel, chicory, onions, and potatoes. He reports in 
1912 that in most cases increased yields were obtained, but that flowers of 
sulfur were especially favorable. In 1913 Boullanger (9) reports experiments 
which show the importance of sulfur as a fertilizer. Favorable results are also 
reported by Vercier (71), Liechti (37), and by Demolon (21, 22). Demolon 
(23), continuing his work, stated a year later that ^‘potatoes were especially 
aided by applications of sulfur.*' Good results were secured by Urban (70) 
in the growing of sugar beets; by von Feilitzen (27) on potatoes; by Bernhard 
(4) on hoed crops, especially potatoes and mangolds; by Magnien (51) on tur- 
nips and beets; by Tottingham (68) on rape and radishes; by Reimer (61) 
on alfalfa; and by Ames and Boltz (1) on clover. Shedd (65) of the Kentucky 
Experiment Station, using sulfur and various compounds of sulfur as fertilizer 
for soybeans in pot experiments, concluded that the best results were obtained 
with elementary sulfur. Duley (25) found sulfur to increase markedly the 
yield of clover, as well as the production of nodules. He also found sulfur 
to increase chlorophyll production in the case of com. 

While sulfur was thus found to be beneficial the extent of the benefit very 
often varied. It came under the observation of some that the effect was 
modified by the presence or absence of organic matter. In pot experiments 
where sulfur was applied at the rate of 44.6 to 89.2 pounds per acre, Vermo- 
rel and Danthony (73) noted increased yields only where organic matter was 
added. They stated that sulfur was without effect when used on soils 
lacking in organic matter. Chauzit (18), in 1914, in tests with grapes, ob- 
tained the best results where sulfur was used in conjunction with a fertilizer 
high in organic matter. Vermorel (72) in the same year cites experiments 
which show that an application of manure enhanced the benefits of sulfur. 
Zolla (76) asserts that sulfur has a marked effect as a fertilizer when the soil 
is well stocked with organic matter; and that the effect of sulfur decreases as 
the content of organic matter is decreased. Sherbakoff (66) found the injuri- 
ous after-effects of sulfur to be greatest on parts of the field poorest in humus. 
In accord with these findings are the observations of Sabashnikov (63) and 
others that sulfur does best when applied to a fertile soil. 

A further modification of the effect of sulfur was found to depend upon its 
use in combination with fertilizers. For instance, Gianitto (30) obtained an 
increase in yield of potatoes when 400 pounds of sulfur per acre were applied 
with other fertilizer, and a decrease where the sulfur was applied alone. Chau- 
zit (18) reports in 1914 that when 178 pounds of sulfur were used without the 
addition of other fertilizers, the yield of grapes was increased 2 to 20 per cent; 
when used with other fertilizers it was increased from 9 to 35 per cent. Similar 
results were noted by McConnel (48), Janicaud (34), and others. 

At times the extent of the benefit from sulfur has been so small as to be 
negligible. In fact, its application has frequently been described as produdng 
no results whatever. Vermorel and Danthony (73) claimed that sulfur 
showed no effect when used on soils lacking in organic matter and receiving 
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nitrogen in the form of nitrate of soda. Shedd (65) announces that in some of 
his experiments there was no effect produced by certain forms of sulfur. Trit- 
schler (69) obtained but slightly increased yields of mangelwurzels. Voelcker 
(74) found sulfur to be without effect on mustard, rape and clover. Thalau 
(67) and many others term their results as ‘‘inconclusive.’^ BosineUi (6) 
thinks that the commercial use of sulfur as a fertilizer is of very doubtful 
value. Pfeiffer and Blanck (57) found that applications of sulfur at the rate 
of 267 and 524 pounds per acre did not increase the yield of oats; in fact, in 
many cases the opposite result was obtained. Pfeiffer and Simmermacher 
(58) obtained the same results a year later with beets. They concluded that 
the general use of sulfur as a fertilizer is not justified. 

Furthermore, in the experiments of some investigators sulfur has not only 
failed to show a benefit, but has passed from a neutral into an injurious sub- 
stance in its effect upon plant growth. 

Demolon (23) in 1913 noted that cereals were injured by applications of 
sulfur on light soils poor in calcium carbonate. Gianitto (30), it will be re- 
called, noted a decreased yield of potatoes where sulfur was used alone at the 
rate of 400 pounds per acre. Deleterious results were likewise obtained by 
Janicaud (34) whenever sulfur was used alone. Although Hart and Totting- 
ham (32) secured good results with sulfate on red clover, they foimd elemental 
sulfur to exert a harmful effect, this being attributed to incomplete oxidation 
of the sulfur, or to acidity resulting from the formation of sulfuric acid. 

Usually the harmful effects of sulfur have been noted on the subsequent 
crops. It was reported by Wheeler, Hartwell and Moore (75) in 1899 that 
imless a considerable quantity of lime were added, injury befell cerdals follow- 
ing potatoes which had received an application of sulfur for the prevention of 
potato scab. This injurious effect they ascribed to free acid in the soil formed 
from the slow oxidation of the sulfur. Regarding the effect of sulfur treat- 
ment on succeeding crops, Sherbakoff (66) states that where it was applied 
at the rate of 900 pounds per acre, there was a noticeably poor stand of clover, 
but where it was applied at th4 rate in combination with lime and additional 
fertilizer, the injurious effect was less marked. Also von Feilitzen (27) and 
Lint (41) report similar results. Lint states that in two instances where sulfur 
was applied in the row to potatoes, hay failed to grow in the following year — 
thus showing prominent bare streaks across the field where the rows had been. 
The evidence of this injury slowly disappeared, and by the end of summer no 
traces of injury remained. A year later Lint (42) reports that no appreciable 
injury was noticed on a succeeding crop of alfalfa where lime was applied to 
the soil. 

Since it appears that sulfur and its compounds usually exert an influence 
upon the higher plants it would be natural to expect an influence, also, upon 
the lower fonns of plant life — the microorganisms of the soil. R. Lieske (39) 
observes that in certain cases bacteria cause denitrification as well as sulfur 
oxidation. « Brioux and Guerbet (11) infer that sulfur incites a complicated 
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bacterial process to effect its oxidation. That sulfur exerts a stimulating action 
on the bacteria which break down the nitrogenous matter of the soil to ammonia 
is the belief of some scientists; among whom are Boullanger and Dugardin (10), 
also Bosinelli (6). Sulfates, however were found by Fred and Hart (28) to 
produce no effect upon the rate of ammonification or the destruction of organic 
matter in the soil, and to cause no appreciable increase in the number of 
bacteria which would grow on agar plates. Pitz (59) obtained the same 
results. In the use of elemental sulfur Pitz records a decrease in the total 
number 5f bacteria but an increase in ammonification, accompanied by a 
parallel decrease in nitrate formation. Although there has been considerable 
work done by other investigators the relations in question are not well under- 
stood — beyond that the action on the soil flora, brought about by sulfur, is 
certainly a factor to be considered in any theory as to the effect of sulfur upon 
higher plants. 

The r61e that sulfur plays in the soil — the theory of its action — is an unde- 
cided question. Various views have been expressed. It has been suggested 
by Bernhard (3), Chancrin and Desriot (16), Boullanger (8) and Heinze (33), 
that it functions as a disinfectant or partial sterilizer. To quote the opinion 
of Chancrin and Desriot: *^The beneficial effects of sulfur may be due to action 
similar to that of partial sterilization by heat, carbon-bisulfid, toluene, etc.’’ 
The belief that it has a physical effect upon the soil is maintained by Bernhard 
(3) and Degrully (20). A catalytic function is ascribed to it by Cettolini (15) 
and Boullanger (8) and others. Still other theories have been advanced by 
Miege (54) and many others. Worthy of mention, perhaps, is that of Demolon 
(23) who attributes the fertilizing effect of sulfur to its progressive transforma- 
tion into sulfuric acid, thereby supplying sulfur to the plant and rendering 
soluble other mineral constituents of the soil. Still more worthy of mention 
is the suggestion recently made by Lipman (43), that the change of sulfur to 
sulfuric acid in the soil may be employed for converting sodium carbonate into 
sodium sulfate and the making productive the barren alkali areas. 

In a brief review of the numerous papers on the relation of sulfur to plants 
it is quite necessary to omit details, or even to avoid mention of some experi- 
ments. Nevertheless, the striking importance of the subject cannot be ignored. 
The sulfur requirements of plants, the possible absence of it in soils and the 
mode or material for its application as a fertilizer are important questions to 
consider. Of no less interest to the scientific man are its influence on plant 
growth, upon microorganisms, and the theories ot its action. It is safe to 
assume that the future will not lack in enlightening investigations upon sulfur 
in its relation to plant growth. 

SERIES 1. FURTHER STUDIES ON ECONOMICAL SULFUR-FLOATS COMBINATIONS 

Since the experiments already reported (47) dealt with relatively short in- 
cubation periods and yielded data that were somewhat conflicting, it was 
deemed advisable to try a similar experiment for a longer period of 24 weeks. 
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In this instance, however, greenhouse soil was used instead of Sassafras loam 
soil and all the composts were inoculated with infusion; the composts being 
made in the same manner. The plan of the experiment, and the ammonium- 
dtrate-soluble P 2 O 6 found in the composts at the end of 24 weeks* are recorded 
in table 1. * 

In considering the extent of the increase we observe that there is a con- 
sistent increase as the amount of sulfur and floats becomes larger. There is 
exhibited the wide variation of 107..44 mgm. with 0.6 gm. of sulfur and 2 gm. 
of floats to 1977.55 mgm. of available P 2 O 6 with 9 gm. of sulfur and 30 gm. of 
floats. The point of maximum concentration was evidently not reached 

TABLE 1 


Influence of varying proportions of sulfur and floats on the accumulation of available phosphoric 
* acid 


Pei 


AlOfONIUM-aTRATE-SOLUBLE PsOl 

P 

ADDITIONS 

Average 

Increase 
over check 

Increase 
per gram of 
floats 

1 

2 

None 

15.00 gm. floats 

mgm. 

101.05 

159.25 

mgm. 

mgm. 

3 

0.20 gm. floats. 0.60 gm. sulfur* 

216.25 

107.44 

53.72 

4 

1 . 20 gm. sulfur. 4 gm. floats 

498.75 

382.18 

95.55 

5 

1,80 gm. sulfur, 6 gm. floats 

750.00 

625.67 

104.41 

6 

2 . 40 gm. sulfur, 8 gm. floats 

877.50 

745.51 

105.69 

7 

3.00 gm. sulfur, 10 gm. floats 

1075,00 

935.15 

93.52 

8 

3.60 gm. sulfur, 12 gm. floats 

1141.25 

993.64 

82.80 

9 

3.00 gm. sulfur, 3 gm. floats 

674.38 

561.69 

187.23 

10 

3.00 gm. sulfur, 6 gm. floats 

891.38 

767.05 

127.84 

11 

3.00 gm. sulfur, 9 gm. floats 

1061.25 

925.28 

102.81 

12 

3.00 gm. sulfur, 12 gm. floats 

1270.00 

1122.39 

93.53 

13 

6.00 gm. sulfur, 20 gm. floats 

2121.25 

1942.60 

97.13 

14 

7.50 gm. sulfur, 25 gm. floats 

2099.60 

1901.55 

76.06 

IS 

9.00 gm. sulfur, 30 gm. floats 

2195.00 

1977.55 

65.92 


* Sulfur flour was used in all the experiments reported in this paper. 


although it appears to have been nearly attained in the last three composts. 
In the four cases where the quantity of sulfur remamed the same (3 gm.) and 
the amount of floats increased from 3 to 12 gm., the amount of the phosphoric 
acid of the floats made available continued to increase, indicating that here, too, 
a prohibitive concentration point was not reached. From the viewpoint of 
increase in availability per gram of floats supplied we find, on the contrary, 
that the unit production diminishes beyond certain points of concentration. 
Starting wi& the 0.6 gm. of sulfur and 2 gm. of floats we secure a gradual in- 
crease up to 105.69 mgm. with 2.4 gm. of sulfur and 8 gm. of floats, beyond 

* Tbe tnethflids of analysis used are reported in a previous paper (47), 
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whidi point a decrease results. Starting again with the 3-3 sulfur*floats 
mixture, we obtain the highest production of unit available P^Os, namely, 
187,23 mgm., which decreases as the amount of floats increases, until with 
12 gm. of floats we have but 93.53 mg. of available PjOb per gram of floats. 
To render less bewildering any selection of the combination which is the most 
efficient it probably would be helpful to place a cash valuation upon the PjOb 
made available. This might best be done by a calculation on the basis of 
a ton of compost; valuing the sulfur, let us say, at 1 cent per pound and the 
floats at i cent per pound. The net amount of available P 2 OB produced per 
ton of compost, and the cost per pound of this P 2 O 6 which has been made 
available, are shown in table 2. 


TABLE 2 


Amount and cost of phosphoric cu^id rendered available per ton of c(fmpost 


COICPOST KUMBES 

AVAILABLE P|Ot 

COST PER POUND AVAILABLE PtO» 


pounds 

cents 

1 



2 



3 

2.09 

14.91 

4 

7.26 

8.37 

5 

11.61 

7.66 

6 

13.26 

8.74 

7 

16.55 

8.55 

8 

17.18 

9.67 

9 

10.58 

8.02 

.10 

14.06 

7.83 

11 

16.52 

8.11 

12 

19.52 

8.00 

13 

30.82 

8.23 

14 

28.70 

10.52 

15 

28.44 

12.14 


A study of tables 1 and 2 shows that no direct relation exists between the 
highest total or the highest unit quantity of available PjOs and the actual cost 
per pound of the same. Our highest total production of 1977.55 mgm. of 
available PjOb cost at the rate of 12.15 cents per pound. Our highest unit 
production of 187.23 mgm. shows a cost of 8.04 cents per pound. But our 
minimum cost was 7.68 cents, in the case of the mixture containing the 1.8 
gm‘. of sulfur and 6 gm. of floats — a combination which gives a total amount 
of 625.67 mgm. of P/)^ and a unit amount per gram of floats of 104.41 mgm. 
Nevertheless, it cannot be said that this compost is the most economical, for 
other things must be considered. For instance where the cost is 7.68 cents 
per poimd only 12.51 pounds of available P 1 O 5 are produced. It would require . 
three such composts of 1 ton each to furnish as much P^Ob as is made available 
in compost 13, where the cost was only 8.25 cents per pound. Undoubtedly, 
the margin of expense is here too small to warrant such an extensive handling. 
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However, just what ratio of sulfur to floats would be the most economical 
cannot be unqualifiedly stated, as it would depend largely upon environmental 
conditions. 

It must be remembered that the length of incubation for this experiment 
was for a period of 24 weeks. The results are obviously much more satis- 
factory than those obtained in series 3, where a 12-week incubation period was 
used. Very likely a longer time than 24 weeks and a more efficient sulfofying 
flora would be more satisfactory, as a larger amount of available PaOj would 
be formed, which would reduce the cost per pound. 

If a conclusion were drawn from the data here presented it would be that a 
compost made up in the ratio of no. 13, which is at the rate of 120 pounds of 
sulfur and 400 pounds of floats to 1 ton of soil, would be the most economical. 
Whether or not further investigations will confirm this ratio remains to be seen. 

SERIES 2. CONCENTRATED COMPOSTS 

In placing any fertilizer upon a commercial basis, economy of production, 
a high grade of material and high degree of concentration are some of the es- 
sentials. It probably has been noted that one of the great disadvantages of 
ffie sulfur-floats method is the large amount of soil that has been used. Ac- 
cordingly, it was thought advisable to try the effect of gradually decreasing 
the amount of soil until pure mixtures of sulfur and floats were reached. Four 
different kinds of mixtures were made in duplicate of about 100 gm. each. 
One of them contained 25 per cent of soil, another 10 per cent, another 2.5 per 
cent, while the fourth received no soil whatever. One set of the mixtures so 
prepared was used as a check, all moisture being withheld from them. It 
was also thought advisable to conduct another series, introducing some 
materials which might act as nutrients for the microorganisms, thereby in- 
tensifying sulfofication. Hence four more identical mixtures received addi- 
tional treatments of 100 mgm. of ammonium sulfate, 50 mgm. of magnesium 
sulfate, and 25 mgm. of potassium chloride. With the exception of the checks 
the composts were inoculated with an infusion of a soil known to be high in 
sulfofying power, and the moisture maintained at an optimum content of 30 
per cent throughout the incubation period. The composition of the composts 
and the amount of citrate-soluble P 2 O 6 found in them at the end of IS and 24 
weeks are shown in table 3. Very gratifying indeed are the returns of this 
experiment, indicating as they do an intrinsic value for the method. The 
results obtained at the end of 15 weeks, although smaller, confirm those 
obtained at the end of the 24-week period. Hence a discussion of the results 
obtained for the longer incubation period only will be taken up. 

As the sulfur and floats were in a very finely divided form, the composts 
were poorly aerated. As the results in series 5 show that aeration is a very 
important factor, a higher efficiency would probably have been obtained with 
tihe csoncentfsated mixtures if they had been stirred at intervals. Considering 
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first compost 5, where we have the largest amount of soil (25 per cent), we ob- 
serve an increase of 3073.33 mgm. of available P 2 O 6 over the check. In no. 6, 
where the amount of soil is'but 10 per cent, there is a decrease to 2498.00 mgm. 
of PaOj. A diminution of the soil in this instance seems to have been detri- 
mental. In composts 7 and 8 there was still a decrease in available PaOs, 
the amounts being 2409.33 mgm. and 2369.57 mgm., respectively. 

TABLE 3 


Available phosphoric acid in the concentrated composts at the end of 15 and 24 weeks 


LABORATORY 

NUMBER 

TREATMENT 

AMMONIUM-aTRATE-SOLVBLE P3O1 

Average 

Increase 
over check 

Increase 
per gram of 
floats 

At end of 15 weeks 




mgm. 

mgm. 

mgm. 

1 

25.0 gm. sulfur, 50 gm. floats, 25,0 gm. soil 

535.00 



2 

30 0 gm. sulfur, 60 gm. floats, 10.0 gm. soil 

628.00 



3 

32.5 gm. sulfur, 65 gm. floats, 2 5 gm. soil 

673.83 



4 

33 , 5 gm. sulfur, 67 gm. floats, 

690.10 



5 

25 0 gm. sulfur, 50 gm. floats, 25 0 gm. soil •. . . 

1703.33 

1168.33 

23.37 

6 

30 0 gm. sulfur, 60 gm. floats, 10.0 gm. soil .... 

1690.00 

1062.00 

17.70 

7 

32 5 gm. sulfur, 65 gm. floats, 2 . 5 gm. soil. . . . 

1809.17 

1135.34 

17.46 

8 

33.5 gm. sulfur, 67 gm. floats 

1909.50 

1219.40 

18.20 

9 

25 0 gm. sulfur, vSO gm. floats, 25 0 gm. soil . . . . 

2081.67 

1546.67 

30.93 

10 

30 0 gm. sulfur, 60 gm. floats. 10.0 gm. soil . . . 

1966.00 

1338.00 

22.30 

11 

32.5 gm. sulfur, 65 gm. floats, 2 5 gm. soil . . . 

2112.25 

1438.42 

22.13 

12 

33 5 gm. sulfur, 67 gm. floats 

1916 20 

1226.10 

18.30 


At end of 24 weeks 


1 

5 

Composts 1 to 4 as above 

25.0 gm. sulfur, 50 gm. floats, 25.0 gm. soil. . . . 

3608 33 

3073.33 

61.47 

6 

30.0 gm. sulfur, 60 gm. floats, 10. 0 gm. soil 

3126.00 

2498.00 

41.53 

7 

32 . 5 gm. sulfur, 65 gm. floats, 2 5 gm. soil ... . 

3083 16 

2409.33 

37.07 

8 

33 5 gm. sulfur, 67 gm. floats . 

3059.67 

2369 57 

35.37 

9 

25 0 gm. sulfur, 50 gm. floats, 25.0 gm. soil 

3316.66 

2781.66 

55.63 

10 

30 0 gm. sulfur, 60 gm. floats, 10.0 gm. soil 

3136.00 

2508 00 

41.80 

11 

32 . 5 gm. sulfur, 65 gm. floats, 2 5 gm. soil 

3109.17 

2435.34 

37.47 

12 

33.5 gm. sulfur, 67 gm. floats 

3044.0^ 

2353.93 

.35.13 


Composts 9 to 12 each received an addition of 100 mgm. of ammonium sulfate, 50 mgm. of 
magnesium sulfate, and 25 mgm. of potassium chloride. 


Concerning ourselves now with the efficiency of the different mixtures as 
measured by the amount of PaOs made available per gram of floats added, we 
notice that the highest efficiency was exhibited in no. 5, which received an 
addition of 25 per cent soil, in which instance there was secured 61.47 mgm. 
PgOs. No. 6 shows but 41.63 mgm. and no. 7 shows 37.07 mgm. of P^Os for 
each gram of floats. The difference between these is not great, implying that 
a 2.5 per cent is about as good as a 10 per cent soil dilution. But either of 
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these does not far surpass the straight sulfur-fio&ts compost which gives an 
efficiency of 35.37 mgm. Hence it appears that the latter would be a more 
economical compost than either nos. 6 or 7. The results obtained with the 
sulfur-floats combination look very favorable. 

Taking up now the additional feature of the experiment, involving the 
addition of the nutrients for the microorganisms (nos. 9 to 12), it must be 
concluded that these materials did not exert any effect one way or the other, 
as the results secured are practically the same as those secured in treatments 
5 to 8. This, however, is only one associative method tried out in an endeavor 
to secure maximum production of citrate-soluble P 2 OB in, concentrated com- 
posts; perhaps others to follow will be still more encouraging. 

In a review of the experiment as a whole the striking feature is the persist- 
ency with which the composts maintain their available P 2 O 6 output as the soil 
content diminishes. Even in the total absence of soil the results are partic- 
ularly encouraging. In regard to the question as to whether sufficient P 2 O 6 
is made available to warrant the emplo)nnent of concentrated composts, it 
must be admitted that the data at hand do not justify an affirmative answer. 
The present data do prove, nevertheless, that there is a possibility that some 
chemical treatment may be worked out, in which a stimulation of the bacterial 
activities will be brought about, which will in turn speed up the sulfofication 
processes. 

SERIES 3. EFFECT OF SULFUR ON DIFFERENT INSOLUBLE PHOSPHATES 

Since the common phosphate rocks vary considerably in their chemical 
composition and in their degree of hardness, obviously there would be a 
difference in the effect that sulfur would have upon floats derived from 
them. In making a study of this matter, a blue rock phosphate, a Florida 
soft rock phosphate and a Tennessee brown rock phosphate were employed. 
Also a sample of Vivianite, which was high in PaOs, and chemically pure tri- 
calcic phosphate were used. Composts were made with 100-gm. portions of 
greenhouse soil. The amount of total P 2 O 6 added in the various materials 
was ascertained, and a record kept of the same. The amounts of citrate-soluble 
P 2 O 6 in the various composts at the end of 15 and 21 weeks are recorded in 
table 4. Without going into too much detail we shall merely make the 
observation that differences, as surmised, do exist between these materials. 

In the case of the three natural tricalcic phosphates where approximately 
the same number of milligrams of phosphoric acid were contained in each com- 
post^ the Florida soft rock phosphate is evidently the most responsive to the 
action of sulfur oxidation. For the 15-week incubation period it gave an 
increase of 1757.50 mgm. of available P 2 OB over the check as compared with 
1278.75 mgm. for the blue rock phosphate and 1141.87 mgm. for the Ten- 
nessee bnown rock phosphate. From ^e 15th to the 21st week the amount of 
available PaOs in. the composts made with the above phoaptotes inci^used to 
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3220.00 mgm., 2080.00 mgm. and 2073.12 mgm., respectively. These large 
increases might be partially explained by the fact that the composts were 
thoroughly stirred at the end of the 15th week in order to aerate them. 

That the Florida soft rock phosphate is naturally more soluble than the 
others, is indicated by the fact that the untreated rock is more soluble in am- 
monium citrate solution than the other phosphate rocks. This somewhat 
natural inherent availability might partly explain the increased action. The 
larger amount of available P 2 O 5 in the natural rock might also act as a stimu- 
lant to the sulfofying microorganisms. The softness of the Tennessee brown 
rock phosphate is probably of no avail, for it contains greater amounts of iron 
and aluminum which would tend to draw into an insoluble form a larger 
amount of the phosphoric acid rendered soluble through the agency of the 


TABLE 4 

Influence of sulfur oxidation on the availability of the phosphorus in differ erU insoluble phosphates 


i 

PHOSPHATES eUPLOYEO AND TREATMENT 

AMOUNT OP 

PtOi 

ADDED 

dlRATE-SO' 

End of 15 weeks 

LUBLE P«Os 

End of 21 weeks 

Average 

Increase 
over check 

Average 

Increase 
over check 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

Blue rock phosphate 

4410 00 

93.75 


87.50 


Blue rock phosphate, sulfur* 

4410 00 

1372 50 

1278.75 

2167.50 

2080.00 

Soft rock phosphate 

425*^ 00 

236 25 


205.00 


Soft rock phosphate, sulfur 

4257.00 

1993 75 

1757.50 

3425.00 

3220.00 

Brown rock phosphate ... 

4348.00 

140.63 


138.13 


Brown rock phosphate, sulfur 

4348.00 

1282.50 

1141.87 

2211.25 

2073.12 

Tricalcic phosphate, C. P 

6864 98 

2213.75 


2398.75 


Tricalcic phosphate, sulfur 

6864.98 

4250 00 

2036.25 

4890.00 

2491.25 

Vivianite 

636.00 

566 25 


631.25 


Vivianite, sulfur 

636.00 

782.50 

216 25 

745.00 

113.75 


* 5 gm. sulfur employed in each case. 


sulfur. In the case of the blue rock phosphate its disadvantage is probably 
its inherent hardness, or rather its obstinacy to solubility. The action of 
sulfur is also manifested in the case of the C. P. tricalcium phosphate. Al- 
though its fine state of division gave rise to a large solubility without the use 
of sulfur, nevertheless it will be noticed that sulfur oxidation was very effective, 
increasing the amount of available PjOs by 2036.25 mgm. in 15 weeks and to 
2491.25 mgm. in 24 weeks. The effect upon Vivianite was not so marked 
because the check itself ran high, yet where sulfur was added, 745.00 mgm. of 
available PjOj were secured at the end of 21 weeks. This apparent dis- 
crepancy is made clear when it is remembered, that the soil contains PjOs 
which may be rendered soluble. This experiment^ taken in its entirety, is 
of a suggestive value for the selection of raw phosphate rocks for use in com- 
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posts. It also shows the relation that sulfur bears toward the well-known 
commercial phosphatesin the production of soluble P^O^. Other things being 
equal, it would seem that Florida soft rock phosphate is preferable under the 
conditions of this experiment to the others, for the maximum yield of 
in the sulfur composts. 

SERIES 4. THE EFFECT OF FINENESS OP DIVISION 

In the matter of making phosphorus available by the use of sulfur, many 
somewhat attractive ideas suggest themselves, one of which is the thought of 
bringing the materials together in a fine state of division. Fineness from the 
standpoint of solubility is essential for some fertilizing substances — limestone 
and rock phosphate, for instance. Might not then, an intimate mixture of 
sulfur and floats likewise result in an increased action toward solubility? A 
trial of this was made in the following manner; 100-gm. portions of greenhouse 


TABLE 5 

Influence of fineness of division of the composts on the availability of phosphoric acid 


i 

1 

PLAK or KXPElUinCNT 

arSATE-SOLVBLE 
PsOl Uf COICPOST6 

la 

I" 



1 

IS gm. floats 

mgm. 

138.13 

mgm. 

2 

15 gm. floats, 5 gm. sulfur (added separately to soil and mixed) 

2211.25 

2073.12 

3 

15 gm. floats, 5 gm. sulfur (ground together and mixed with soil) 

2430.00 

2291.87 

4 

15 gm. floats, 5 gm. sulfur (ground with soil) 

1380.00 

1241.87 

5 

15 gm. floats, 2.5 gm. sulfur (added separately to soil and mixed)....! 

1028.75 

800.62 


soil being used in each instance. In one case sulfur and floats were mixed 
with the soil by hand. In another the sulfur and floats were mixed together 
and were then passed through a mill before mixing with the soil. In still 
another the sulfur, floats and soil were ground up together in a mill, optimum 
moisture added and after incubating for 21 weeks, analyses were made. The 
results obtained are recorded in table 5. 

It appears that an intimate mixture of the sulfur and floats before they are 
mixed with the soil, tends toward an increase of available PjOj. The differ- 
ence is not very large but is appreciable, namely, 2291.87 mgm. as against 
2073.12 mgm. where the sulfur and floats were not mixed before adding them 
to the sou. However, of most striking significance is the lessened yield of 
available PjOs where the soU, floats and sulfur were ground together — striking 
because it hblps to confirm results obtained in the foUowing series, on aemtion 
of the compbsts. In that series the tendency was toward a decrease of citrate^ 
soluble the aeration was decreased. In the case at hand it wiU be 

grasped that the grinding of the soU would destroy its granular texture, 
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producing a powder which when moistened would lose what little air it might 
contain, thus creating an unfavorable environment for microorganisms. 
Hence we secure the low figure of 1241.87 mgm. of P 2 O 6 rendered available. 
The fifth item in the table, in which 2.5 gm. of sulfur were employed, solicits 
no comment other than that this amount of sulfur is not sufficient to act on 
15 gm. of floats. The main issue of the experiment, i.e., the test of fineness, 
would seem to be quite satirfactorily settled. We are forced to conclude that 
fineness or intimate contact will increase the availability of the phosphorus 
provided that the texture of the compost is not reduced to a fineness which 
will prohibit biological activities through lack of proper aeration. 

SERIES 5. THE EFFECT OF AERATION AND INOCULATION 

In experiments previously reported (47), the red silt loam soil, high in 
organic matter, was found to be more effective than the Sassafras soil, low in 
organic matter, as a medium for the production of available phosphorus from 
a sulfur-floats mixture. To assume definitely that this effectiveness was due 
to the presence of organic matter would be precipitate and possibly incorrect. 
Other factors might be involved, not the least of which would be the matter of 
inoculation. Soils might differ widely in regard to the presence of sulfofying 
microorganisms, the absence of which might prevent sulfofication regardless 
of the organic content of the soil. In this experiment a soil high in organic 
matter was employed, in order to eliminate it as the limiting factor. This con- 
dition was secured by incorporating 10 per cent of old composted manure 
with a red silt loam soil. One-hundred-gram portions were taken and com- 
posted with 5 gm. of sulfur and 15 gm. of floats, and moisture added in amount 
equal to 50 per cent of the water-holding capacity of the compost. These 
composts were made to differ in the matter of inoculation. 

The inoculation was accomplished at the time the moisture was applied, 
10 cc. of the water being added in the form of an infusion made up from a soil 
known to be efficacious in sulfofying action. It will be noted from the plan 
of the experiment that two further differences existed between the composts: 
namely, depth and aeration. At the end of the 15th and the 22nd weeks, 
determinations of the ammonium-citrate-soluble phosphoric acid were made 
and the results obtained are recorded in table 6. 

It will be remembered that the organic matter content of these composts 
was the same, therefore the results should have corresponded, if organic 
matter is the controlling factor. On the contrary, very large differences were 
obtained. In every case at the end of 15 weeks the inoculated portions were 
higher in available phosphorus than the uninoculated, which is also true for 
the 22-week period. The highest amount of available PjO^ found in the in- 
oculated portions at the end of 15 weeks was 1532.03 mgm., and the lowest 
in the inoculated portions was 465.15 mgm. Seven weeks later the ratio was 
2960.75 mgm. to 503.25 mgm. The amounts cannot be given unqualifiedly, 
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however, for the depths of the composts were not the same, and hence aeration 
plays an important part. It will be noted, other things being equal, that the 
inoculated soil at the depth of i inch was evidently the most favorable for the 
production of available P2O6, with the 2“inch depth a close second, the amounts 
of available P2O5 at the end of 22 weeks being 1460.75 mgm. and 1233.25 mgm., 
respectively. A depth of 4 inches appeared to be unfavorable. That this 
was due to aeration is indicated by the high results obtained where the com- 

TABLE ^ 


Influence of aeration and inoculation on ike accumulation of available phosphoric acid 


TREATMENT 

DEPTH OF 

AMMONlUM-dTRATE 
SOLUBLE PsO« 

COMPOST 

Average 

Increase 
over check 

At end of 15 weeks 



Check (initial PaOs) 

Inoculated 

inches 

i 

} 

mgm., 

156.10 

1145.00 

mgm. 

988.90 

Uninoculated 

707.75 

551.65 

Inoculated 

4 

767.50 

611.40 

Uninoculated 

4 

621 25 

465.15 

Inoculated 

2 

996.50 

840 40 

Uninoculated 

2 

575.00 

418.90 

Inoculated and stirred* 

2 

1688.13 

1532.03 

Uninoculated and stirred 

2 

1 

716.50 

560.40 


At end of 22 weeks 


Check (initial PaOs) 


158.00 


Inoculated 


1618.75 

1460.75 

Uninoculated 


772.50 

614.50 

Inoculated 


836.25 

678.25 

Uninoculated 


661.25 

503.25 

Inoculated 

2 

lv391.25 

1233.25 

Uninoculated 

2 

752.50 

594.50 

Inoculated and stirred 

2 

3118.75 

2960.75 

Uninoculated and stirred 

! 2 

2923.75 

2765.75 


* Stirred thoroughly every two weeks throughout period of experiment. 


posts spread out in a 2-inch layer were stirred every two weeks. The high 
results obtained in the J-inch inoculated composts and the higher results se- 
cured in the frequently-stirred inoculated composts suggest that the oxidation 
of sulfur is brought about by aerobic microorganisms, and that the effect of 
inoculation is increased by aeration. This point would seem to be of practical 
importancey inasmuch as it indicates that composts made up in a commercial 
way wbuld not be successful unless they were inoculated and also frequently 
tuimed. Aeration, however, without inoculation appears ineffective, as shown 
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by the fact that at the expiration of IS weeks there were only 560.40 mgm. 
of available P2O6 in the uninoculated stirred composts, showing no increase 
over the other inoculated soils which were not stirred. But 7 weeks later 
2765.75 mgm. P2O5 was found, which is a large increase and the second highest 
amount secured in the entire experiment. This is accounted for by the fact 
that the spatula used in stirring the composts was not sterilized, thus bringing 
about the inoculation of the composts intended to be uninoculated. Hence 
aeration alone was probably not the cause of this particular increase. 

The results obtained in this experiment would make it appear that for a 
maximum production of available P2O6 in sulfur-floats-soil composts, inocula- 
tion and plenty of aeration are unquestionably advantageous and should receive 
foremost consideration. 

SERIES 6. A STUDY OF METHODS OF INOCULATION 

In the foregoing investigations the inoculation was accomplished by means 
of an infusion. For small composts this method has been quite satisfactory. 
For large composts, hdwever, it might not be practicable. Hence the sug- 
gestion was presented of using soil from an old sulfur-floats compost heap as an 
inoculant. Years ago when gunpowder was produced through the medium 
of the so-called nitre composts, such a scheme was in vogue. On these nitre 
or saltpeter ‘^plantations,” whenever a new compost was started, it was the 
practice to incorporate with it a certain amount of inoculant secured from a 
compost that was known to have been productive. The success of this method 
at that time would indicate the success of such a method in the instance at 
hand. To give the matter a fair test, a soil was secured which had been com- 
posted with 5 per cent of sulfur for 15 weeks. And from this soil, composts 
made up with a red silt loam soil were inoculated with varying amounts of 
1, 4, 7 and 10 per cent. The infusions also were made from the same soil, and 
each quantity of infusion added to the composts represented 5 gm. of soil. 
The amounts of citrate-soluble P2O6 obtained at the end of IS and 24 weeks 
are recorded in table 7. 

It will be noted in studying the results obtained at the end of the IS-week 
period that the increases of available P2O6 over the checks were much the same, 
the 7-gm. inoculations yielding the most, where both 2.5 and 5 gm. of sulfur 
were employed. The amounts 659.77 mgm. and 752.69 mgm. of P2O6, respec- 
tively, were not as great as that secured (849.33 mgm. P2O5) where the inocula- 
tion was made by infusion. Evidently, the infusion was more effective, 
possibly because it had a more distributive effect, i.e., penetrating to all parts 
of the compost. At the end of 24 weeks we find the composts inoculated with 
infusion still in the lead, with 1872.75 mgm./)f available P2O5. But the com- 
posts inoculated with the soil were not far behind, as we obtained 1732.74 
mgm. of PfOft when 10 per cent of inoculant was employed, with 5 gm. of sulfur. 
Where 2.5 gm. of sulfur was used the total amounts of available P2O5 were 
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lower in every case than with 5 gm. of sulfur, the highest being 1501.05 nigm. 
with the 4 per cent inoculant. The inoculated composts were higher in every 
case than the uninoculated composts. Thus we see that the use of soil from 
old composts bids fair as a competitor for inoculation by infusion. WhUe, 


TABLE 7 

Influence of diflerent methods of inoculation on the availability of the phosphoric acid in the 

composts 


LABORATORY NO.I 

TREATMENT 

AT END or 15 WEEKS 

AT ibrD or 24 WEEKS 

Average 

citrate- 

soluble 

PiO. 

Increase 

over 

check 

PtO» 

Average 

citrate- 

soluble 

PtO» 

Increase 

over 

ch^ 

PiO» 



mgm. 

mgm. 

mgm. 

mgm. 

1 

1 per cent composted soil, 2.5 gm. sulfur 

82.43 


82.39 


2 

14 per cent composted soil, 2 5 gm. sulfur 

82.86 


78.68 


3 

7 per cent composted soil, 2.5 gm. sulfur 

82.71 


86.11 


4 

0 per cent composted soil. 2 . 5 gm. sulfur 

ms 


81.77 


5 

1 per cent composted soil. 2.5 gm. sulfur, 15 gm. 






floats 

669«06 

529.67 

1536.36 

1395.73 

6 

4 per cent composted soil. 2 . 5 gm. sulfur, 15 gm. 






floats 


561.89 

1641.68 

1501.05 

7 

7 per cent composted soil, 2 . 5 gm. sulfur, 15 gm. 






floats 

799.16 

659.77 

1583.25 

1442.62 

8 

10 per cent composted soil, 2 . 5 gm. sulfur, 15 gm. 






floats 


564.37 

1395.11 

1254.48 

9 

1 per cent composted soil, 5 gm. sulfur 

83.66 


86.11 


10 

4 per cent composted soil, 5 gm. sulfur 

84.26 


81.78 


11 

7 per cent composted soil, 5 gm. sulfur 

83.37 


83.02 


12 

: 10 per cent composted soil. 5 gm. sulfur 

82.81 


83.63 


13 

1 per cent composted soil, 5 gm. sulfur, 15 gm. 






floats 

882.17 

742.78 

1901.37 

1760.74 

14 

4 per cent composted soil, 5 gm. sulfur, 15 gm. 






floats 

884.65 

745.24 

1856.03 

1715.40 

15 

7 per cent composted soil, 5 gm. sulfur, 15 gm. 






floats 

892.08 

752.69 

1838.68 

1698.05 

16 

10 per cent composted soil, 5 gm. sulfur, 15 gm. 






floats * 



1873.37 

1732.74 

17 

No composted soil, 5 gm. sulfur 

83.66 


81.78 


18 

No» composted soil, 5 gm. sulfur, 15 gm. floats 

728.S3 

589.14 

1569.82 

1429.19 

19 

No composted soil, 5 gm. sulfur, inoculated with 






infusion 

83.77 


83.02 


20 

No composted soil, 5 gm. sulfur, 15 gm. floats, in- 






oculated with infusion 

988.72 

849.33 

2013.38 

1872.75 

21 

No composted soil, 15 gm. floats 

139.39 


140.63 



ol coarse it was evident that sqch should have been the case, judgiiig from 
proeedents and general principles, yet ih the launching of a new enterprise like 
it is usually imperative to secure permanent records of many apparently 
dliieloiw leMctions. 
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SERIES 7. INPDUENCE OP SOLUBLE PHOSPHORIC ACID 

In previous experiments (47) it was shown that the sulfur was oxidized more 
rapidly when floats were present than in the sand alone. It was thought that 
the microorganisms responsible for the oxidation of the sulfur require more or 
less phosphorus for their life activities and hence were stimulated in their 
ability to oxidize sulfur. The purpose of this experiment, therefore, is to 
, study the effect of small additions of soluble P 2 OS on sulfur oxidation, with 
consequent action on the insoluble rock phosphate. Consequently, composts 
were made with 100-gm. quantities of greenhouse soil, 5-gm. quantities of 


TABLE 8 

Influence of soluble phosphoric acid on the accumulation of available phosphoric acid 


TREATMENT 

AVAILABLE PtOl 

Average 

Increase over 
check 

End of 6 weeks 



1 mgm. 

mgm. 

Floats 



Floats, 0,5 gm. add phosphate 



Floats, sulfur 

1871.89 

1671.89 

Floats, sulfur, 0.5 gm. add phosphate 

1853.84 

1621.05 


End of 12 weeks 


Floats 

198.40 


Floats, 0.5 gm. acid phosphate 

242.81 


Floats, sulfur 

2962.29 

2763.89 

Floats, sulfur, 0.5 gm. acid phosphate 

3132.74 

2889,93 


End of 18 weeks 


Floats 

204.10 


Floats, 0.5 gm. acid phosphate 

• 248 75 


Floats, sulfur 

3375 00 

3170.90 

Floats, sulfur, 0.5 gm. acid phosphate 

3538.30 

3289.50 


sulfur flour and IS-gm. quantities of Florida soft rock phosphate which con- 
tained 28.38 per cent total PjOs. All the composts were inoculated with 20 cc. 
of a 10 per cent infusion of an old compost; 33 cc. of water was added at the 
beginning of the experiment, and additional quantities of 2 cc. were added at 
end of every 5 weeks. The composts were stirred every two weeks. The 
results obtained are recorded in table 8. 

There is very little difference between the available PjOs content of the 
composts receiving no addition of available PjOs (except that originally present 
in the floats) and Aat of the composts receiving 0.5 gm. of acid phosphate at the 
Old of either the 6th, 12th or 18th week. For instance, at the end of 18 weeks 
with no available PfO* added at the beginning we obtain an increase over the 
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check of 3170.90 mgm. of available P 9 O 5 ; and with an addition of 0.5 gm. 
of acid phosphate we obtain 3289.50 mgm. of available P 1 O 5 . This increase 
is within the limits of experimental error, and hence one would not be justified 
in concluding that the soluble P 2 O 6 has exerted an influence one way or the 
other. * 


TABLE 9 

The influence of various salts on the availahility of phosphoric acid of floats using sand as a 

medium 


AtfMOHIUM-CITRATE-SOLOBLB 

PlO. 


TREATMENT 



Average 

Increase over 
check 

At end of 15 weeks 

Sulfur. ... 

mgm. 

17.23 

mgm. 

Floats 

131.55 


Sulfur, floats 

591.08 

459.53 

Sulfur, floats, 0.20 gm. (NH 4 ) 2 S 04 

616.60 

485.05 

Sulfur, floats, 0.50 gm. (NH 4 ) 2 S 04 

7S1.7S 

620.20 

Sulfur, floats, 0.20 gm. NaNO» 

195 55 

64.00 

Sulfur, floats, 0 50 gm. NaNOa 

166.70 

35.15 

Sulfur, floats, 0.20 gm. MgS04 

613.38 

481.83 

Sulfur, floats, 0 50 gm. MgS 04 

638.13 

506.58 

Sulfur, floats, 0.20 gm. MnS 04 

345.56 

214.01 

Sulfur, floats, 0.20 gm. MgS 04 , 0.20 gm. (NH 4 ) 2 S 04 

637.70 

506.15 

Sulfur, floats, 0.50 gm. MgS04,0.50gm. (NH 4 ) 2 S 04 

699.63 

568.08 



At end of 22 weeks 


Sulfur 

17.10 


Floats 

130.75 


Sulfur, floats 

771.25 

640.50 

Sulfur, floats, 0.20 gm. (NlDsSOa 

783.75 

653.00 

Stdfur, floats, 0.50 gm. (NH 4 ) 2 S 04 

855.00 

724.25 

Sulfur, floats, 0.20 gm. NaNOj 

197.75 

67.00 

Sulfur, floats, 0.50 gm. NaNOiS 

172.50 

41.75 

Sulfur, floats, 0.20 gm. MgSOa .* 

875.00 

744.25 

Sulfur, floats, 0.50 gm. MgSOa 

830.00 

609.25 

Sulfur, floats, 0.20 gm. MnS 04 

550.00 

419.25 

Sulfur, floats, 0.20 gm. MgSOa, 0.20 gm. (NH 4 ) 2 S 04 

808.75 

676.00 

Sulfur, floats^ 0.50gm. MgSOa, 0 50 gm. (NH 4 )fS 04 

823.50 

692.75 


SERIES 8. EXPERIMENTS WITH POSSIBLE CATALYTIC AGENTS 

Before the establishment of any new method it is often wise to subject it 
to many apparently irrelevant tests. Hence, while the sulfur-floats-soil com- 
posts toye -been shown to produce results, yet there might be a possibility 
that certain substances might accelerate the action, so that the floats could be 
tendered available in a shorter period of time. To this end experiments 
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were conducted in which white sand and a red silt loam soil were used as media. 
In the case of the white sand, composts containing 100 gm. of sand, 4 gm. of 
sulfur, and IS gm. of floats were made, and 18 cc. of water added per com- 
post — 10 cc. of which was in the form of infusion, made from a soil which bad 
been composted with sulfur several weeks. The miscellaneous^ materials 
introduced, and the results obtained at the end of 15 and 22 weeks are recorded 
in table 9. 

It will be noted that sulfur and floats alone yielded an increase of 459.53 
mgm. of available P 2 O 6 at the end of 15 weeks and 640.50 mgm. at the end of 
22 weeks. The d.S-gm. portions of ammonium sulfate were slightly better, 
yielding 620.20 mgm. and 724.25 mgm. of available P 2 O 5 , respectively. The 
largest increase of available P 2 O 6 — 744.25 mgm. — was obtained with the 0.2 
gm. of magnesium sulfate at the end of 22 weeks. Manganese sulfate seemed 
to retard the sulfofication processes. On the whole, the results were much 


TABLE 10 

The eff ct of chemical treatment on the sulfur oxidized in the sand 


TRFATM£NT 


SULFUR ( 

OXIDIZED 


Sulfur 

Sulfur 

Average 

sulfur 

Increase 
over check 

Check (soil, sulfur, floats), at beginning 

Nitrogenous salts added 

mgm. 

66.80 

mgm. 

69.20 

mgm. 

68 00 

mgm. 

None 

825 55 

828.00 

826.78 

758.78 

0 20 gm. (NH.),S 04 

798 00 

801.40 

799.70 

691.26* 

O.SOgm. (NH«),SO« 

922 48 

940.50 

931.49 

762.49* 

0.20gm. NaNO, 

192.00 

191.48 

191.74 

123.74 

0.50 gm. NaNOa 

12 5.20 

125.10 

124.15 

54.15 


* The amount of sulfur contained in the ammonium sulfate subtracted. 


the same, and of no special importance except in the case where sodium 
nitrate was employed. Here even at the end of 22 weeks there was an increase 
over the check of only 67 mgm. of available P 2 O 6 with 0.2 gm. of sodium 
nitrate, and 41.75 mgm. with the 0.5-gm. additions of sodium nitrate. This is 
very striking and should elicit more than passing comment, as it has been 
observed in the field by Vermorel and Danthony (73) and Lint (41) that sul- 
fur did not produce beneficial results when sodium nitrate was added in 
connection with it as a fertilizer. From the amounts of available P 2 O 6 ob- 
tained in this series it appears that sodium nitrate had a prohibitive effect 
upon sulfofication and that this might explain the results obtained by the 
above investigators. Consequently, the amount of sulfur oxidized was 
determined in the composts receiving no special treatment, sodium nitrate, and 
ammonium sulfate. The results are recorded in table 10. The data show 
conclusively that the addition of sodium nitrate to the composts of sand, sul- 
fur and floats had a retarding effect upon the su^ofication processes. Of the 
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composts analyzed those receiving the 0.5*gm. additions of ammonium sulfate 
show the krgest amoimt of sulfur oxidized, namely, 762.49 mgm. On the 
other hand, in those receiving additions of 0.20 gm. and 0.50 gm. of sodium, 
nitrate, the amounts of sulfur oxidized were only 123.74 mgm. and 54.15 mgm., 
respectively. Whether the nitrate has an injurious effect upon the suUofying 
microdiganisms, whether it brings about conditions in whi(± other organisms 
are able to thrive and hence crowd the sulfoffers out, or whether the latter 
organisms are able to utilize the sodium nitrate to t][ie exclusion of the sulfur, 
are problems for further investigations. 

V^ere the red silt loam was tised as a medium the experhnent differed only 
in the following respects: (a) 22 cc. of water was added to the composts, with 

TABLE It 

Influence of various materials on the avaUabilUy of phosphoric acid of floats when soil is used as a 

medium 


CITKATS> 80 LUBLE PtOf 


TREATMENT 


At end of 22 weeks 

Average 

Increaie 
over check 

Average 

Incresae 
over check 


mgm. 

mgm. 


mgm. 

Sulfur 

46.53 




Floats 

145.40 




Sulfur, floats 

1069.03 

923.63 

1580.00 

1432.25 

Sulfur, floats, 0.20 gm. (NH 4 )aS 04 . 

921.03 

775.63 

1405.25 

1257.50 

Sulfur, floats, 0.50 gm. (NH4)jS04 

994.85 

849.45 

1167.75 

1020.00 

Sulfur, floats, 0.20 gm. Mn SO 4 

1161.25 

1015.85 

1547.50 

1399.75 

Sulfur, floats, 0.50 gm. Mn SO 4 

967.18 

821.78 

1545,00 

1397.25 

Sulfur, floats, 1 .00 gm. peat 

1128.62 

983.22 

1447.50 

1299.75 

Sulfur, floats, 1 .00 gm. peat, 0.20 gm. MnS 64 • . 

1095.99 

950.59 

1337.75 

1189.00 

Sulfur, floats, 5 00 gm. peat, 0.20 gm. MnS 04 . . 

1158.62 

1013.22 

1422.50 

1274.75 

Sulfur, floats, 2 00 gm. horse manure 

1181.00 

1035.60 

1230.25 

1082.50 

Sulfur, floats, 5.00 gm. horse manure 

1334.81 

1189.41 

1375.00 

SI 

Sulfur, floats, 2.00 gm. composted manure 

818.87 

673.47 

869.25 


Sulfur, floats, 5.00 gm. composted manure 

953.55 

808.15 

1180.00 

1032.25 

Sulfur, floats, uninoculated 

761.53 

616.13 

945.00 

797.25 


1 cc. additional for each gram of organic matter added; (b) further miscellane- 
ous substances were employed; and (c) two of the composts were not inoculated. 
The results tabulated in table 11 suggest that organic substances such as 
peat and manure are undesirable for the most efficient production of available 
PfOi in the composts made up with this soil as a medium. Manganese sul- 
kte made a good showing for the 22-week period, but was not quite equal 
to the straight sulfur-floats-soil mixture. It is perhaps needless to givi^ this 
erqtetiiment hiuch discussion, as it is largely a verification of the preceffing one. 
Ahtenti^ mig^t be tailed, however, to the low results secured where no 
loecala^iQii was given. 
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The low results obtained in one instance where composted manure was used 
are not easily explained. 

While the amount of citrate-soluble P^Os formed in the red silt loam (table 
11) is higher than in the sand, the indications of the point in question do not 
essentially differ. In fact, one experiment is a confirmation of the other. 
With the evidence at hand, it would appear that a straight sulfur-ffoats*soil 
compost is more effective than one to which the above substances have been 
added; for the materiafe here employed have not shown any markedly helpful 
or catalytic action beyond the limit of experimental error. On the contrary, 
one of them, nitrate of soda, has shown a strong depressing effect. This dis- 
covery of the action of nitrate of soda on sulfur oxidation will probably prove 
of commercial importance both in composting and where sulfur is applied to 
soil in the field. 

SERIES 9. FURTHER STUDIES WITH POSSIBLE CATALYTIC AGENTS 

As the foreign materials introduced into the sulfur-floats composts in the 
preceding experiments^ did not exert a stimulating action, this experiment 
was designed to study the effect of additional materials such as charcoal, 
ferrous sulfate, aluminum sulfate, etc. In this experiment composts were 
made up with 100 gm. of Sassafras loam soil, 5 gm. of sulfur and 15 gm. of 
Tennessee raw rock phosphate. Thirty cubic centimeters of water were added 
to each compost, 10 cc. of which were soil infusion. 

The inoculation in this exf)eriment differed, however, from that used in the 
previous experiment. The infusion in this case was from a soil which had been 
inoculated 8 weeks previously with soil from one of the very efficient composts 
made up with the greenhouse soil. To this soil had also been added small 
quantities of sulfur from time to time in order to ascertain if an efficient 
inoculating material could not be secured. In order to supply adequate aera- 
tion the composts were stirred every two weeks. The various materials 
added and the results obtained at the end of 9 and 15 weeks are recorded in 
table 12. 

Taking into consideration the results obtained at the end of the 9-week 
period, it will be noted that the composts made up with sulfur-floats and soil 
alone yielded 1382.20 mgm. of avaikble PaO^. This shows very clearly the 
high efficiency of the inoculating material because in another experiment 
where the same soil and same materials were used we obtained an increase of 
only 639.18 mgm. of available PaOs in 30 weeks, or, in other words, we obtained 
743.02 mgm. more available PaOs in this experiment with no other treatment 
than inoculation in a period of 9 weeks than was obtained previously (47) in 
30 .weeks in the uninoculated soil. 

Comparing the results obtained where the various materials were introduced 
with the untreated composts, it will be noted that three of the treatments have 
brought about large increases in the available PaOs. The addition of 0.02- 
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and 0.05-gm. quantities of ferrous and aluminum sulfate in combination, 
and a combination of O.OS-gm. quantities of ferrous sulfate, aluminum sulfate, 
and sodium silicate, brought about considerable increases in available PaOs 

TABLE 12 

Influence of ferrous sulfate^ aluminum sulfate and other materials on the accumulation of available 

phosphoric acid 

I AUMONIUM-CITRATE-SOLUBLfi PHOSPHORIC ACID 


SPEaAL TREATMENT 

End of 9 weeks 

End of 15 weeks 

Average 

^Increase 

over 

check 

•Increase 
due to 
treatment 

Average 

•Increase 

over 

check 

•Increase 
due to 
treatment 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

Check (floatsf) 

111.25 



120.50 



Check (floats, 0 0 2gm. FeS 04 . 7 H 20 ) . . . 

138.75 



126.25 



Check (floats, 0 02 gm. Al(S 04 ) 3 . 18 Ha 0 ) 

126.25 



117.50 



Check (floats, 0 02 gm. FeS 04 . 7 H 20 , 







0.02 gm. AIs(S04),.18Hj0) 

117.50 



124.75 



None (floats and sulfur only) 

1505 « 

1382.20 

* 

2945.00 

2822.75 


0.20 gm. calcium sulfate 

1470.00 

1346.57 


2935. 00| 

2812.75 


0.50 gm. calcium sulfate 

1373.75 

1250.321 


2585.00 

2462.75 


0.20 gm. powdered charcoal 

1688 IS 

1565.321 

183.12 

2490 00 

2367.75 


0.50 gm. powdered charcoal 

1742.50 

1619.07 

236.87 

3396.25 

3274.00 

451.25 

0 . 02 gm. FeS 04 . 7 H, 0 , 0 . 02 gm. Al, (S 04 )>. 







I 8 H 2 O 

2261.83 

2138.40 

756.20 

4162.50 

4040.25 

1217.50 

0.05 gm. FeSO 4 . 7 HsO ,0 05 gm. A 1 ,(S 04 ).. 







ISkiO 

2221.75 

2098.32 

716.12 

3788.75 

3666.50 

843.75 

0'.02 gm.FeSO 4 . 7 H,O ,0 02gm. Alj(S 04 )j. 







I 8 H 1 O, 0.02 gm. NajSUO. 

1541.25 

1417.82 

35.62 

3860.00 

3737.75 

915.00 

0.05 gm. FeSO4.7HjO,0.05 gm. AIs(S 04 )j. 







18H,0, 0.05 gm. NasSi 40 , 

2108.13 

1984.70 

602.50 

3542.50 

3420.25 

597.50 

0.05 gm. A 1 ,(S 04 ).. 18 H ,0 

1661.25 

1537.82 

155.62 

3636.25 

3514.00 

691.25 

0.05 gm. FeS 04 . 7 H 20 

1678.75 

1555.32 

173.12 

3777.50 

3655.25 

832.50 

0.05 gm. Na 2 Si 409 

1683 13 

1559.70 

177.50 

3217.50 

3095.25 

272.50 

0.02 gm. KMn04 

1417.50 

1294.07 


2965.00 

2842.75 

20.00 

0.01 gm. KI 

1336.25 

1212.82 


1975.00 

1852.75 


0.05gm. KI 

169.38 

45.95 


187.50 

65.25 


0.01 gm. CUSO 4 .* 

1280.00 

1156.57 


2276.25 

2154.00 


0.05 gm. CUSO 4 

1266.25 

1142.82 


2683.75 

2561.50 


0.01 gm. ZnS 04 

1757.50 

1634.07 

251.87 

3136.25 

3014.00 

191.25 

0.05 gm. ZnS 04 

1150.00 

1026.57 


2395.00 

2272.75 



♦ Average of the four checks subtracted in each case. 

* t Floats contained 28.92 per cent of PjO#. 

Note. — C hecks received no sulfur. 

over that found in the untreated composts, the amounts being 756.20 mgm., 
716.12 mgnr. and 602.50 mgm., respectively. With 0.20- and 0.50-gm. quanti- 
tfes of charcoal,. 0.02-gm. quantities of ferrous sulfate, alumintun sulfate and 
sqdium siicate in combination, and 0.05-gm. quantities of the three last-named 
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salts alone, and with 0.01 gm. of zinc sulfate, there is, apparently, a slight 
stimulating effect. All the other treatments brought about decreases of vary- 
ing degree, the greatest retardation being caused by the 0.05 per cent addition 
of potassium iodide. In this case sulfolication processes were apparently 
stopped altogether. 

The results obtained at the end of the 15-week incubation period show 
practically the same relative differences as those for the 9-week period, al- 
though of course, the amounts of phosphoric acid rendered available are greater. 
The addition of a combination of 0.02 gm. each of ferrous and aluminum sul- 
fates has brought about an increase of 1217.50 mgm. of citrate-soluble phos- 
phoric acid over the untreated composts, which is the largest increase for any 
of the treatments. In order to check the results obtained with the ferrous and 
aluminum sulfates in this experiment, the following investigation was carried 
out. 


TABLE 13 

Influence of ferrous and aluminum sulfates on the accumulation of available phosphoric acid 


LABOKATORY NUMBER AND ADDITIONS 

CITRATE-SOLUBLE P»0| 

Average 

Increase 
over check* 

1. Floats (Tennessee rock 28.92 per cent PjOj) 

2. Floats, 0.02 gm. ferrous sulfate 

3. Floats, 0.02 gm. aluminum sulfate 

4. Floats, 0 02 gm. aluminum sulfate, 0.02 gm. ferrous sulfate 

mgm. 

121.38 

138.75 

126.25 

122.63 

mgm. 

5. Floats, sulfur 

2437.50 

2310.25 

6. Floats, sulfur, 0.02 gm. aluminum sulfate 

2927.50 

2800.25 

7. Floats^ sulfur, 0 02 gm. ferrous sulfate 

8. Floats, sulfur, 0.02 gm. ferrous sulfate, 0 02 gm. aluminum sulfate. 

3196.25 

3069.00 

3586.25 

3459.00 

9. Floats, sulfur, 0 04 gm. ferrous sulfate, 0 04 gm. aluminum sulfate. 

3526.25 

3399.00 


* Obtained by subtracting average amount of available P206 in composts 1, 2, 3 and 4. 


In this experiment 5-gm. portions of sulfur flour and 15-gm. portions of 
Tennessee raw rock phosphate wereadded to 100-gm. portions of Sassafras loam 
soil. The moisture was maintained at 33 per cent and as in the preceding 
experiment the composts were stirred every two weeks. The citrate-soluble 
PjOs was determined in the various composts at the end of 15 weeks. The 
composition of the composts and the amount of available contained in 
them at the end of 15 weeks are recorded in table 13, 

The addition of ferrous and aluminum sulfates, both alone and in combina- 
tion, have brought marked increases in the available PaOs of the composts. 
Thus we find an increase of 2310.25 mgm. of P2O5 in compost 5, which had 
received no addition of ferrous or aluminum sulfate, while in composts 6 and 7, 
to which had been added 0.02 gm. of aluminum sulfate and 0.02 gm. of ferrous 
sulfate, respectively, the amount of available PaO» was increased, compost 
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6 yielding 2800.25 mgm., and compost 7, 3069.00 mgm. The largest in- 
creases, however, were brought about by the addition of the salts in combma- 
tion. In this case we obtain an increase of 3459.00 mgm. and 3399.00 mgm. 
of available PsOs when the salts were added in combination in 0.02-gm. and 
0.04-gm. quantities, respectively. 

The facts noted in the preceding experiment are thus amply confirmed. 
That the increase in availability of the composted floats is brought about by 
a stimulating of the sulfofying microorganisms rather than by a chemical 
reaction is clearly indicated. We find in composts 1, 2, 3, and 4 the 
available P^Os to be 121.38, 138.75, 126.25 and 122.63 mgm., respectively. 
There was very little difference between the amount of available PjOs in com- 
post 1, which was composed of only floats and soil, and that in composts 2, 
3 and 4 which were composed of floats, soil and ferrous or aluminum sul- 
fate, or the two sulfates in combination. This shows that the phosphorus 
of the floats was not rendered available.by any chemical reaction between the 
ferrous or aluminum sulfates and the floats. 

Considered as a whole, the results obtained in this experiment and in the 
preceding one show that in order to obtain the maximum production of avail- 
able phosphoric acid in the compost heap, m the shortest period of time, 
0.4 pound each of ferrous and aluminum sulfates should be added to each ton 
of compost. 

SERIES 10. THE EFFECT OF CALCIUM CARBONATE ON THE AVAILABILITY OF 

PHOSPHORUS 

As the process of sulfofication is as yet not entirely understood and as there 
are, no doubt, many attending factors which influence it, it was thought expedi- 
ent to study the effect of calcium carbonate. The influence of calcium car- 
bonate has often been suggested, and Brioux and Guerbet (11), and Brown and 
Kellogg (13) found it in their experience to be a stimulant to sulfofication. An 
experiment was accordingly planned for this purpose. Sassafras loam soil 
in 100-gm. quantities was mixed with sulfur and floats and with calcium car- 
bonate, and each compost inoculated with fresh soil infusion. For 12 weeks, 
optimum moisture conditions were carefully maintained. Then acidity and 
citrate-soluble phosphoric acid determinations were made. It will be noted 
that the experiment naturally dmdes itself into three parts. In the first, 
comprising composts 1 to 6, we have 0.25 gm. of calcium carbonate and 5 gm. 
of floats, with varying amoimts of sulfur. In the second including compost 

7 to 12 we have 0.5 gm. of calcium carbonate and 10 gm. of floats with varying 
quantities of sulfur. In the third group, composed of composts 13 to 16 
there are fixed amounts of sulfur and floats with varying amounts of calcium 
carbomte. ' 

The acidity and available phosphoric acid which were found at the end of the 
12-wedk pytiod are recorded in table 14. 
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Takmg this experiment as a whole it cannot be considered entirely satis- 
factory either from the standpoint of the presence or absence of calcium car- 
bonate. Possibly the experiment was not fair in regard to the length of time. 
A longer incubation period might have contributed altogether different results. 
And, although the treatment in regard to inoculation and moisture content, 
as well as to temperature and light, were apparently the same, yet possibly 
differences might have existed. Reviewing the results as a whole, when we 
consider the total increases and decreases, it is interesting to note that when 
calcium carbonate was added, there were five instances of increases in acidity 
totaling 202.00 cc. of N/SO KOH as against four decreases totaling 170.00 cc. 


TABLE X4 

Influence of lime on the accumulation of available phosphoric acid 


r 

TREATMENT 

1 

i 

|g 

INCREASE IN ACX1>> 
ITY DUE TO 

CaCOi, cc.N/SO 
KOH 

CITRATE-SOLUBLE 

PjOi 

INCREASE IN PsOl 
DUE TO CaCOi 






mgm. 

1 

2 gm. sulfur, 5 gm. floats 

578.00 




2 

2 gm. sulfur, 5 gm. floats, 0.25 gm. CaCOs 

800.00 

22.00 

273.82 

8.67 

3 

4 gm. sulfur, 5 gm. floats 

534.00 


262.67 


4 

4 gm. sulfur, 5 gm. floats, 0 25 gm, CaCO« 

596.00 

62.00 

158.59 

- 4.08 

5 

5 gm. sulfur, 5 gm. floats 

556.00 


260.19 


6 

5 gm. sulfur, 5 gm. floats, 0 25 gm. CaCOi 

596.00 

30.00 

280.01 

19.82 

7 

2 gm. sulfur, 10 gm. floats 

472.00 


351.88 


8 

2 gm. sulfur, 10 gm. floats, 0.50 gm. CaCOs 

500.00 

28.00 

361.79 

9.91 

9 

4 gm. sulfur, 10 gm. floats 

486.00 


292.40 


10 

4 gm. sulfur, 10 gm. floats, 0.50 gra. CaCOi 

452.00 

-34.00 

351.88 

59.48 

11 

[ 5 gm. sulfur, 10 gm. floats 

578.00 


433.65 


12 

5 gm. sulfur, 10 gm . floats, 0 50 gm. CaCOs 

508.00 

j-70.00 

361.79 

-61.86 

13 

5 gm. sulfur, 15 gm. floats 

526,00 


436.87 


14 

5 gm. sulfur, 15 gm. floats, 0.25 gm. CaCOa 

522.00 

- 4.00 

364.27 

-72.60 

IS 

5 gm. sulfur, 15 gm. floats, 0.50 gm. CaCOs 

586.00 

60.00 

416.30 

52.03 

16 

5 gm. sulfur, 15 gm. floats, 1 .00 gm. CaCOa 

524.00 

-62.00 

394.00 

-22.30 


For the phosphoric acid made available there were five cases of increases 
aggregating 159.84 mgm. It would appear, therefore, that in this experiment 
the presence of calcium carbonate exerted neither a marked beneficial nor a 
detrimental influence. 

SERIES 11. EFFECT OF CALCIUM CARBONATE 

As the results obtained in the preceding experiment were somewhat incon- 
clusive, this experiment was planned with the idea of securing a check on the 
foregoing results as well as to determine the effect of larger quantities of lime 
as a stimulant to sulfofication processes. 

One hundred-gram quantities of greenhouse soil, 5-gm. portions of sulfur 
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flour and 15-gin. portions of Florida soft rock phosphate were employed. 
Duplicate composts were made for each treatment. All the composts were 
inoculated with an infusion of a soil known to be very high in sulfofying power. 
The composts were stirred every two weeks. The plan of the experiment and 
the results obtained at the end of 8 and 15 weeks, respectively, are recorded in 
table 15. 

In the composts which did not receive additions of calcium carbonate we 
note that from the 4354 mgm. of insoluble phosphoric acid there has been 
rendered available 1866.25 and 3468.75 mgm. of phosphoric acid at the end of 
the 8- and 15-week periods, respectively. At the end of 8 weeks the composts 

TABLE IS 


Influence of lime on the accumulation of available phosphoric acid 


TREATlCEin AMD ADDITIONS 

AVAILABLE PfOl 

Average 

Increase over 
check 

At end of 8 weeks 


Floats 

mem. 

200 00 

mem. 

FloatSi sulfur 

2066.25 

1866.25 

Floats, sulfur, 0.20 gm. CaCOj 

1950.00 

1750.00 

Floats, sulfur, 0.40 gm. CfiCOi 

2053.75 

1853.75 

Floats, sulfur, 0.60 gm. CaCOi 

2076.25 

1876.25 

Floats, sulfur, 0.80 gm. CaCOs 

2138.75 

1938.75 


At end of IS weeks 


1 

Floats 

197.50 


Floats, sulfur 

3666.25 

3468.75 

Floats, sulfur, 0.20 gm. CaCOi 

3305.00 

3107.50 

Floats, sulfur, 0 . 40 gm. CaCOi 

3442.50 

3245.00 

Floats, sulfur, 0.60 gm. CaCOi 

3551.25 

3353.75 

Floats, sulfur, 0.80 gm. CaCOi 

3355 00 

3157.50 



which had received 0.20-gm., 0.40-gm., 0.60-gm, and 0.80-gm. additions of 
calcium carbonate were found to contain practically the same amount of avail- 
able phosphoric acid as the untreated, showing a slight increase where 0.80 gm. 
of calcium carbonate was added. At the end of 15 weeks, however, we find 
that the addition of calcium carbonate had brought about a decrease in avail- 
able phosphoric acid in every case. The experiments thus show that lime 
is not a necessary adjunct to the sulfur-floats composting process. 

SERIES 12. THE EFFECT OF PEAT 

Amoftg other things organic matter has in some instances suggested itself 
as m aid in accelerating the oxidation of sulfur in composts, thus making ^ore 
of the j^iio^horus of floats available in a shorter period of time than in the 
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previous composting experiments. To give this a somewhat more thorough 
trial it was deemed advisable to try a partially mineralized form of organic 
matter in soil and sand. Since peat or its extractions are often used in bio- 
logical experiments, and also in a commercial way as a medium for micro- 
organisms, this material was selected. Composts were made up from Sassa- 
fras loam soil and white sea sand. The composts containing 4 gm. of sulfur and 
15 gm. of floats were all inoculated with a soil infusion supposedly well supplied 
With sulfur oxidizers. Moisture conditions which were considered optimum 
were maintained for each treatment, 0.66 cc. of water being added extra for 

TABLE 16 


The available phosphoric acid in the composts as ejected by peat 


SOIL HEDFUM AMD ADDITIOMS 

AT EMD or IS 

WEEKS 

AT EMD OF 24 
WEEKS 


Average Citrate- 
soluble PiOs 

Average CitraU- 
soluble PtO». 

100 gm. soil, floats.* 

mgm. 

152 25 

mgm. 

138.55 

95 gm. soil, 5 gm. peat 

159.35 

139.00 

70 gm. soil, 30 gm. peat 

247.85 

187.80 

100 gm. soil, floats, sulfurf 

1616.50 

3310.00 

95 gm. soil, 5 gm. peat sulfur, floats 

1534 29 

2990.00 

90 gm. soil, 10 gm. peat, sulfur, floats 

1487.16 

3147.50 

80 gm. soil, 20 gm. peat, sulfur, floats 

1128.08 

2057.50 

70 gm. soil, 30 gm. peat, sulfur, floats 

1326.45 

1801.00 

No soil, 50 gm. peat, sulfur, floats 

472.96 

993.00 

100 gm. sand, floats 

146.10 

125.05 

95 gm. sand, 5 gm. peat 

150.58 

122.90 

70 gm. sand, 30 gm. peat 

215.36 

166.88 

100 gm. sand, floats, sulfur 

567.74 

828.50 

95 gm. sand, 5 gm, peat, sulfur, floats 

1083.02 

1260.00 

90 gm. sand, 10 gm. peat, sulfur, floats 

1037.90 

1327.50 

80 gm. sand, 20 gm. peat, sulfur, floats 

1096.40 

1400.00 

70 gm. sand, 30 gm. peat, sulfur, floats 

1069.32 

1576.25 


* 15 gm. floats added in each case. 
1 4 gm. sulfur added in each case. 


each gram of peat. The arrangement of the series and the amounts of citrate- 
soluble P 2 O 5 contained in them at the end of 15 and 24 weeks, respectively, 
are shown in table 16. 

The analyses of ammonium-citrate-soluble PjOs at the end of the 15- and 
24-week periods show peat to have a widely different effect on the sulfofication 
processes in the loam soil and the sand. In the loam soil the highest results 
were obtained where peat was omitted at the end of both the 15- and the 
24-week periods, the amounts of citrate-soluble PfOs being 1616.50 mgm. and 
3310.00 mgm., respectively. Where peat was used in the soil-sulfur-floats 
emnposts, there was a tendency toward a decrease of citrate-soluble PfO# 
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as the amounts of peat increased, until we get the lowest results of all where 
peat only was used; in this case only 993.00 mgm. of PsO( from the floats ws^s 
made available in 24 weeks. 

In the case of the sand, just the opposite effects are noted. The lowest 
results occurred where no peat was added to the sulfur-floats combinations and 
while the production of available PjOb at the end of the 15-week interval did 
not vary as the peat ratio varies, the tendency 9 weeks later was toward an 
increase of citrate-soluble P 2 O 6 as the proportions of peat increased, S gm. of 
peat resulting in 1260.00 mgm., and 30 gm. of peat, 1576.25 mgm. of PjOb. 

An important point that should be mentioned in this connection is that the 
increase brought about in the sea sand by the addition of peat is not an economi- 
cal one, for the greatest yield of available PjOb in the sand (1576.25 mgm.) 
is less than one-half the highest yield in the loam soil (3310.00 mgm.). Treat- 
ment for treatment, much more P 2 O 6 is made available in the loam soil than in 
the sea sand. It appears that in the soil there are some favorable factors which 
do not exist in the sand, such as the ability to absorb certain toxic substances. 
Therefore peat, even where it did increase the quantity of available P 2 O 6 , 
was not in sufficient quantity to warrant its use. Thus this experiment strongly 
indicates that peat, from the commercial standpoint, at least, is not only an 
unnecessary but an undesirable adjunct to a sulfur-floats soil compost for the 
purpose of making available phosphoric acid. 

SERIES 13. EFFECT OF PEPTONE ON THE AVAILABILITY OF PHOSPHORUS 

In order to determine whether peptone would increase sulfur oxidation, and 
in this way increase the production of available phosphoric acid in the com- 
posts, 100-gm. quantities of Sassafras loam and greenhouse soil were each 
mixed with sulfur and floats. Both the Florida soft rock and the Tennessee 
brown rock phosphate were used. The ammonium-citrate-soluble phosphoric 
acid was determined at the end of 8 and 16 weeks, respectively. The com- 
positicm of the composts and the average amount of available phosphoric acid 
contained in them at the end of these periods are given in table 17. 

It will b^ seen from the results given in table 17 that a striking depression 
of the available phosphoric acid in the composts was caused by the presence 
of peptone. The addition of peptone has probably encouraged the develop- 
ment of certain species of bacteria which are not sulfofiers, and thus suppressed 
the active sulfofiers. Other reasons which could be advanced for this depres- 
sion are: (a) the sulfofying microdrganisms may not be able to develop where 
large quantities of soluble organic matter are present, being in this respect 
like the nitrifying bacteria; or (b) the species of microorganisms which are 
encouniged to develop may change the sulfur into a form other than sulfuric 
add. 

la order to determine what changes the sulfur in the compost had under- 
gone, a qualitative test was made on all the comi>osts. This test showed that 
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the sulfur was transformed only to sulfates in the composts in which peptone 
was absent. On the other hand, in the composts which had received 1 per 
cent of peptone, only a small amount of sulfates were present, although a 

TABLE 17 


Influence of peptone on the availabilUy of floats in sulfur-floats-soU composts 


COMPOSITION OP COMPOSTS 

aTSATE-SOLUBLE Pf( 

Sassafras loam 

)f IN ENTUIE COMPOST 

Greenhouse soil 

1 Average 

Increase 
over check 

Average 

Increase 
over check 

mgm. 

mgm. 

tHgm, 

rngnt. 

At end of 8 weeks 

15 gzn. Florida soft rock phosphate 

192.50 




15 gm. Florida soft rock phosphate, 1 gm. peptone 

199.00 




15 gm. Tennessee brown rock phosphate, 

125.75 




Is gm. Tennessee brown rock phosphate, 1 gm. 





peptone 

135.10 


136.10 


15 gm . Florida soft rock phosphate, 5 gm. sulfur.... 

1515.57 

1323.07 

1983.54 

1786.37 

15 gm. Tennessee brown rock phosphate, 5 gm. 





sulfur 

1490.54 

1364.79 

1610.00 

1480.00 

15 gm. Florida soft rock phosphate, 5 gm. sulfur 



i 


1 gm. pieptone 

220.92 

21.90 

206.67 

5.57 

IS gm. Tennessee brown rock phosphate, 5 gm. 





sulfate, 1 gm. peptone 

149.65 

14.55 

125.90 

-10.20 


At end of 16 weeks 


15 gm. Florida soft rock phosphate * 

188.00 


186.75 


15 gm. Florida soft ro^ phosphate, 1 gm. 





peptone 

200.50 


198.00 


IS gm. Tennessee brown rock phosphate 

124.50 


118.50 


15 gm. Tennessee brown rock phpsphate, 1 gm. 





peptone 

129.25 


127.75 


15 gm. Florida soft rock phosphate, 5 gm, sulfur. . 

3690.00 

3502.00 

3566 00 

3379.25 

15 gm. Tennessee brown rock phosphate, 5 gm. 



• 


sulfur 

3284.00 

3159.50 

3180.50 

3062.00 

15 gm. Florida soft rock phosphate, 5 gm. 





sulfur, 1 gm. peptone 

218.50 

18.00 

178.50 

-19.50 

15 gm. Tennessee brown rock phosphate, 5 gm. 





sulfur, 1 gm. Peptone 

155.25 

26.00 

200.00 

72.25 


large quantity of the sulfur had been changed into sulfites. Therdore, as no 
sulfites were present in the composts which had received no addition of pep- 
tone, it appears that the peptone has brought about conditions under which 
organisms which are able only to transform the sulfur into sulfites can develop. 
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SUaOiARY 

Under the conditions of the experiment the following conclusions appear 
to be justified. 

1. A compost composed of 100 parts of soil, 120 parts of sulfur, and 400 
parts of floats appears to be the most economical combination for the pro- 
duction of available phosphoric acid. 

2. An appreciable amount of phosphoric acid is rendered available in com- 
posts consisting of only sulfur and floats, although the quantity is not so large 
as when soil is present. This indicates that a stimulation of sulfofication proc- 
esses may be brought about by some treatment, and in this way enable us to 
obtain maximum results in composts without the aid of soil. 

3. Of the natural tricalcium phosphates (Tennessee brown rock, Tennessee 
blue rock and Florida soft rock) Florida soft rock phosphate.appears to be the 
most preferable for maximum yields of available phosphoric acid in composts 
containing sulfur. 

4. Fineness or intimate contact of the constituents in composts will increase 
their elBciency, provided that the texture is not reduced to a fineness which 
will prohibit biological activities through lack of proper aeration. 

5. The biological factor is influential in the oxidation of sulfur and the 
rendering available of phosphorus in floats. In inoculated composts, all 
other conditions being the same, the quantity of phosphorus rendered avail- 
able in 9 weeks was double that made available in uninoculated composts 
in 30 weeks. 

6. In making composts the question of aeration should receive foremost 
consideration. The results obtained in this series of investigations would 
make it appear that the microorganisms, which oxidize sulfur are largely 
aerobic, and hence require an abundant supply of oxygen. 

7. The presence of soluble phosphoric acid other than that contained in 
floats, will exert no influence on the production of available phosphorus in 
soil-sulfur-floats composts. 

8. Ammonium sulfate, magnesium sulfate, calcium sulfate and zinc sulfate 
were found to exert no influence on the production of available phosphorus, 
while sodium nitrate, potassium iodide and copper sulfate exerted a marked 
depressing action. The addition of 0.2 per cent of sodium nitrate was found 
to inhibit sulfofication processes almost entirely. 

9. Under certain conditions ferrous sulfate, aluminiun sulfate, and a com- 
bination of the two salts exert a marked stimulating action on sulfur oxidation 
processes, when present in small amounts in a compost composed of soil, sulfur 
flpur, and Tennessee brown rock phosphate. A mixture of the two sulfates 
caused the greatest stimulation. From the data which are advanced it appears 
that in composting under farm conditions, 0.4 pound each of aluminum and 
ferrous sulfates should be added to each ton of compost, in order to obtain a 
maximuin production of available phosphorus. 
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10. Calcium carbonate may bring about a decrease in available phosphorus 
when added to a sulfur-floats-soil compost. 

11. A compost is more efficient in producing available phosphorus in the 
absence of large amounts of organic materials, such as peat, fresh horse manure, 
old composted manure, and peptone. The more soluble materials will bring 
about the greatest decrease in efficiency. 

12. Sulfofying microorganisms may develop more rapidly in the absence of 
soluble organic matter. They appear in this respect to be similar to the 
nitrifying organisms. 

13. When peptone was added to a mixture of soil, sulfur and floats, sulfur 
was largely transformed into sulfites. 
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TWENTY YEARS’ WORK ON THE AVAILABaiTY OF NITROGEN 
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During the last twenty-five years the fertilizer industry in the United States 
has developed rapidly. From a comparatively small tonnage in the early 
nineties it has grown to more than 7 million tons in 1917. 

As the industry has grown, the number of materials that go to make up the 
fertilizers has also increased greatly. Many by-products that were formerly 
allowed to go to waste are now carefully saved and worked up in the fertilizer 
factory. This is especially true of the nitrogenous materials, which, under 
normal conditions, form the most expensive part pf the fertilizer. 

The movement to save these waste materials containing nitrogen came none 
too early, for it was the depletion in the soil of this element that was largely 
responsible for the run-down and abandoned farms in the older sections of the 
United States. For this element, most crops show a quicker response than for 
any other, and conversely, a falling off in yield will come sooner with a de- 
ficiency of nitrogen than of any other element. A supply of available nitro- 
gen aids the plant in getting a good start so that its leaves may begin early to 
elaborate food from the air and its roots may reach out for the water of the 
soil which holds in solution mineral plant-food. 

Since nitrogen is supplied in many different forms, it at once becomes a 
question as to which of these is most efficient in crop product on. Far too 
little attention has been given to this important question. Too often a 
certain material has been chosen because there was among farmers a general 
impression that this particular material was better than some other, when, as 
a matter of fact, there was no scientific basis for such conclusion. As an 
examplfe, nitrogen from organic sources has been preferred by many because 
it vwas believed that organic matter thus supplied would be of great value in 
improving the physical condition of the soil, but in making this choice farmers 
overlooked the possibility of using a more neadily-availablc material which 
would increase tie crop residue sufficiently to more than make up for the small 
amount of organic matter contained in the few hundred pounds of dried blood, 
fish or tankage. Also, there is a widespread impression tjiat the loss of nitrogen 
is greater when nitrates are used, than when organic nitrogen is used* But 
experiments both in this country and abroad show beyond a doubt that the 


291 



292 


J. G. LIPMAN AND A. W. BLAIR 


crop yields and the percentage of nitrogen recovered in the crop were greater 
(and hence the loss must have been less) when nitrates were used than when 
organic sources of nitrogen were used. 

The question of availability of nitrogenous fertilizers began to receive 
serious consideration at several of the leading European experiment stations 
some 30 years ago and much valuable information has been accumulated by 
these stations. 

About 10 years later the subject began to receive attention in this country 
and it is a satisfaction to find that the results obtained here are fairly in 
accord with the findings of the European investigators. 

Fairly complete reviews of this early work have been given in recent publi- 
cations (2, 3) and no attempt will be made here to cover this field. 

The completion in 1917 of 20 years’ work in which a comparison is made 
of the materials mentioned in the title of this paper would seem to justify the 
publication at this time of a brief summary of the work. A detailed account 
covering the first IS years of this work has already been published (3). Much 
of this need not be repeated, but the results of the last 5 years are of value as 
confirming the earlier work, 

EXPERIMENTAL 

The work was originally outlined under the broad heading ‘investigations 
Relative to the Use of Nitrogenous Materials,” and this included: (a) a de- 
termination of the yield of dry matter and nitrogen in crops from soils receiving 
various treatments under controlled conditions; (b) the percentage of nitrogen 
in the crop* as affected by the treatment; (c) the utilization of nitrogen in 
different materials; (d) the relative efficiency of nitrogen in different materials; 
(e) the residual effects of nitrogenous substances; (f) denitrification; and 
(g) the effect of special treatment on the income and outgo of nitrogen in the 
soil. 

As the work has progressed, more and more attention has been given to the 
utilization and relative efficiency of nitrogen in different materials, and it is 
this phase of the work which is to receive consideration in this pa{>er. 

In order that the work might be under more perfect control, it was carried 
out in galvanized iron cylinders, open at both ends and having a diameter of 
23J inches and a depth of 4 feet. These cylinders were set in the ground so 
that about 2 inches remained above the ground level. Thus the contents of 
the cylinders are isolated so that the roots of the crops growing in them are 
prevented from getting mineral plant-food from outside sources. The sub- 
soil is a gravelly sandy material such as occurs where the cylinders are located, 
but the top soil is a loam (Penn loam) brought from another source, an 8-inch 
layer of which was placed in each cylinder on top of the subsoil, each cylinder 
receiving tliesame weight of the thoroughly mixed soil. 

When the work was begun all the soils were given a libeial treatment of 
lime in thlif form of ground limestone and with the exception of one series which 
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does not enter into this discussion, all have received annual dressings of acid 
phosphate and potassium chloride at the rate of 640 pounds and 320 pounds 
per acre, respectively. Thus nitrogen is made the limiting factor insofar as 
human control can provide. Various combinations of manure and fertilizer 
were arranged, but it is suffici|nt to report here only on the four nitrogenous 
materials mentioned in the title. 

One series received the phosphoric acid and potash, but no nitrogen, in 
order that it might be used as a check. Thus if a certain amount of nitrogen is 
recovered in the crop from the nitrogen-treated cylinder, and it is desired to 
calculate the percentage of the applied nitrogen that was recovered, it is 
necessary first to deduct from the total amount of nitrogen recovered in the 
crop, the amount recovered from the check cylinder, and thus account for the 
soil nitrogen that the crop used. 

It is at once obvious that this cannot be an absolutely correct method of 
determining the percentage recovered, since in those cylinders to which nitrog- 
enous fertilizers have been applied, the plant will make a quicker start and 
the roots go farther in search of the nitrogenous materials of the soil than in 
the check cylinders where there is a pronounced deficiency of available nitro- 
gen, and thus the check fails to be a true check. In this way it happens that 
the recovery may apparently be more than 100 per cent as shown in Series 8 B, 
for the years 1901 and 1910. However, there appears to be no way of over- 
coming this error so long as the work is carried out in the natural soil and if 
one starts with an artificial soil, other and more serious difficulties arise. 

In this work no effort has been made to analyze the roots, since it would be 
well-nigh impossible to do this correctly, and even if it could be done the 
same error would be introduced. The roots and stubble are left just as under 
field conditions so that the residual effects of these may be observed. 

To draw conclusions from 1 or 2 years of such work would be manifestly 
unfair, but when it is carried on for a period of 10 or 20 years, seasonal differ- 
ences, differences due to the unequal decomposition of organic matter and 
differences due to slight errors, which are sure to creep in now and then, are 
largely smoothed out and results are obtained which can be accepted with a 
fair degree of confidence. The confidence in suchTesults is strengthened when 
it is found that they check with similar work conducted in other places or even 
in other countries. 

The work was started in these cylinders in the spring of 1898 with com as 
th^ first crop in the rotation. Four 5-year rotations have been carried out as 


follows: 

* 





SKond KokUhn 


189S 


1903 


1899 


1904 


1900 


1905 •... 


1901 


1906 

Wheat 

1902 


1907 



(two cuttings) 


(two cuttings) 
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Third Rotation 


1908 Com 

1909 Oats (com) 

1910 Oats (com) 

1911 Rye and oats 

1912 f Timothy 

(two cuttings) 


Fourth Ration 


1913 Corn 

1914 Oats (com) 

1915 Oats (com) 

1916 Wheat 

1917 Timothy 


(one cutting) 


The corn following the oats is grown as a residual crop (without further 
addition of fertilizers) to utilize any nitrogen which the oat crop may have 
failed to get. All corn is planted thick and harvested as forage rather than as 
mature corn. Oats are harvested as oat-hay just before maturity, and wheat 
is harvested at maturity and saved as grain and straw. 

Nitrogenous materials are applied for each main crop in the rotation as 
follows: 


Cylinder 4B, farm manure, at the rate of 16 tons per acre. 

Cylinder 8B, nitrate of soda, at the rate of 320 pounds per acre. 

Cylinder 17B, ammonium sulfate, equivalent to 320 pounds of nitrate of soda per acre. 
Cylinder 18B, dried blood, equivalent to 320 pounds of nitrate of soda per acre. 


Thus d careful record is kept of the amount of nitrogen applied each year and 
of the yield of dry matter from each cylinder. From determinations of the 
amount of nitrogen in the dry matter the total amount of nitrogen removed 
by the crop each year is easily calculated. 


YIELD OF DRY MATTER 

The yield of dry matter under the four different treatments for tlie 20 years 
is shown in table 1, averages being given for two 10-year periods and also for 
the entire 20 years. For each 10-year period the yield has been largest with 
the manure, though it is less for the second 10-year period than for the first, 
which would indicate that with manure at the rate of 16 tons per acre the 
fertility of the soil is not being fully maintained. The lowest yield is from 
18B where dried blood is used as the source of nitrogen. Here again the aver- 
age yield is less for the second lO-y^r period than for the first. For plots 
8B and 17iB, which receive nitrate of soda and ammonium sulfate, respectively, 
the average yields for the first 10 years are essentially the same for the two 
treatments, but for the second 10 years the average for the nitrate of soda 
treatment is considerably above that for the ammonium sulfate; furthermore, 
the average yield with ammonium sulfate is, like the yield with dried blood 
and farm manure, less for the second than for the first 10-year period. With 
the nitrate of soda, however, the figures are reversed, that is, the average yield 
for the second 10 years is somewhat above that for the first 10 years. 

. The question may well be raised as to why the average yields on 4B, 17B 
and 18B sl^ould be less for the second 10-year period than for the first, while 
the yield on 8B has been well maintained for the 20 years. Since phosphoric 
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acid and potash have been supplied each year in liberal amounts, and lime has 
been used at stated intervals, it would seem clear that the falling off in yield 
must be due to a deficiency of available nitrogen, notwithstanding the fact that 
cylinders 17B and 18B receive each year just as much nitrogen as 8B, while 
4B receives more than two and one-half times as much as 8B. 

^ Data presented heretofore, and which are confirmed by results hereafter 
to be presented, show that of the four materials, nitrate of soda is most effec- 
tive in crop production, that is, the crop is able to utilize or win back a larger 
percentage of nitrogen in this form than in any of the other forms. With a 
given amount of nitrogen, therefore, the crop yield can be better maintained 
over a period of years by the use of nitrogen in the form of nitrate of soda than 
in the other forms, provided the soil is one that does not allow rapid leaching. 

TABLE 1 

Yield of dry matter with different nitrogenous materials 


WRST 10-YEAR PERIOD 


SECOND 10-YEAR PERIOD 


Year 

Check* 

4fi 

8B 

17B 

18B 

Year 

Check* 

4B 

8B 

17B 

18B 


gm. 

gm. 

gm. 

gin. 

gm. 


gm 

gm. 

gm. 

gm. 

gm. 

1898 

291 1 

467.1 

393.9 

401 0 

341 8 

1908 

169 0 

326 0 

331 0 

286.0 

228.0 

1899 

146.6 

354 1 

184 5 

190 5 

186.3 

1909 

164 0 

208 0 

244.0 

217 0 

218.0 

1900 

238.1 

387.2 

317.0 

310.1 

307.9 

1910 

214.0 

422 0 

338.0 

287.0 

276.0 

1901 

126 0 

342 2 

331.0 

300.0 

239 4 

1911 

68 0 

236.0 

160.0 

117.0 

126.0 

1902 

86 2 

147.8 

150 9 

143 9 

115 6 

1912 

88 0 

221.0 

187.0 

153.0 

115.0 

1903 

160,3 

315 0 

183 0 

291 0 

216 0 

1913 

177 2 

390.5 

312.5 

228.5 

286.5 

1904 

118 7 

262 0 

170 0 

167.0 

160 0 

1914 

137.0 

285.8 

222 4 

196.9 

198.3 

1905 

125.7 

262.0 

226 0 

209 0 

191.0 

1915 

103 7 

231.2 

211.0 

178.3 

147.5 

1906 

98 3 

316 0 

244 0 

226 0 

144 0 

1916 

91.4 

250 9 

217.3 

181,6 

112.9 

1907 

107 3 

237 0 

168 0 

133,0 

172 0 

1917 

71 1 

229 0 

208 0 

167.0 I 

139.0 

Avcragef . 

149.8 

309 04 

236,83 

237.15 

207.4 

AverageJ 

128 3 

280. 04| 

243.12 

201.23 

184.72 


* Phosphoric acid, potash and lime; no nitrogen, 
t First 10 years, 
t Second 10 years. 


This apparently is what has happened in this case. With the gradual 
exhaustion of soil nitrogen, which was made available by the use of lime, and 
the failure of the ammonium sulfate, blood and manure to give back in the 
form of crops as large a proportion of the applied nitrogen as the nitrate of 
soda, the yields with the former became gradually less. 

The fact that cylinder 4B gave the largest average yield through 20 years 
must not be taken as meaning that the treatment given this cylinder is neces- 
sarily the best or most effective. It will be remembered that this cylinder 
receives cow manure at the rate of 16 tons per acre annually, the cost of which 
would be much in excess of the cost of 320 pounds of nitrate of soda or its 
equivalent in ammonium sulfate or dried blood, and therefore the larger 
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yield does not necessarily mean an efficient use of the applied nitrogen. As a 
matter of fact, the work shows this to be the least efficient of the four forms. 

PERCENTAGE OF NITROGEN RECOVERED IN THE CROPS 

Reference has already been made to the method of calculating the per- 
centage of nitrogen that is recovered in the crop. The recoveries for the four * 
different treatments covering the 20 years are shown in table 2. The averages 
for the period are as follows: 


4B 32.69 per cent (manure) 

8B 62.42 per cent (nitrate of soda) 

17B 47.48 per cent (ammonium sulfate) 

18B 38.69 per cent (dried blood) 


This means that of 100 poubds of nitrogen applied in the four different forms, 
approximately one-third, three-fifths, one-half, and two-fifths, respectively, 
are recovered or won back in the crop.^ As has already been mentioned these 
figures agree quite closely with results reported from European countries, and 
they also confirm earlier work carried out at this Station. 

But even so, they are not satisfying figures. We at once ask why there is 
this enormous loss of nitrogen and especially why the loss is so much greater 
with the organic materials than with t^e nitrate of soda and ammonium sul- 
fate. If the loss is to be attributed to the leaching out of the materials, then 
it would seem that the figures should be reversed. Unquestionably, a certain 
amount of loss takes place in this way, but this cannot explain the loss of over 
two-thirds from the manure against a little more than one-third from nitrate. 

It is well known that organic materials must undergo certain transformations 
in the soil before the nitrogen can become available, and it seems that during 
these transformations nitrogen as ammonia, nitrate or as elemental nitrogen 
must be lost in considerable quantities. As bearing on this it may be pointed 
out that Russell and Richards (5) have shown by laboratory experiments with 
manure that in addition to the loss of ammonia by volatilization there is still 
a loss amounting to IS per cent or more of total nitrogen, and they have gone 
further and shown that during decomposition there is an evolution of gaseous 
nitrogen. This they believe completes the account of the loss. This loss, 
they claim, does not go on under wholly anaerobic or wholly aerobic conditions 
but under mixed anaerobic and aerobic conditions which arise when manure is 
being produced. They explain further that in the natural manure heap 
nitrogen is also lost as gaseous ammonia as well as in the form of nitrogen gas. 

^ Or if we assign to nitrate nitrogen a value of 100, then the relative availability of the 
four materials stands as follows: 


Nitrate of soda 100.0 

Ammonium sulfate 76.1 

Dried blood 62,0 

Manure 52.4 
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It is very probable that in a more limited way, similar changes take place when 
organic compounds are placed in the soil and that a part of the loss of nitrogen 
noted in our experiments must be thus accounted for. It is a well-known fact 
that when an organic substance like cottonseed meal or dried blood is mixed 
with soil and incubated ih the laboratory for a few days, escaping ammonia 
may be detected, and from this it is a natural conclusion that when large 
quantities of organic matter are placed in the soil under natural conditions, 
some ammonia will be lost by volatilization, especially when the temperature 
and moisture conditions are favorable. This then, together with the evolution 
of gaseous nitrogen, would in part at least explain the heavy loss of nitrogen 
where manure was used at the rate of 16 tons per acre. 

TABLE 2 

Percentage of nitrogen recovered from different materials 


FIRST lO'YKAR PERIOD 


Year 

4B 

SB 

17B 

18B 

1898 

28 15 

63.75 


58 18 

1899 

51.48 

48 45 

58.27 

44.58 


36.18 

77.55 

69.47 

57.25 

1901 ! 

41.78 

110 26 

91.91 

68.71 

1902 1 

11.48 

32.06 

23 64 

14.32 




34 38 

20.97 1 

1904 

38 91 

46.19 

39.26 

33 68 


30.10 

68 77 

56.05 

34 01 

1906 

44 94 

81 81 

30.80 

24.78 

1907 

33 85 


27 47 

42.48 

Average * 

33 71 

60.48 

49.73 

39.90 

Average J 

32.69 { 

62.42 

47.48 

38.69 


* First 10 years, 
t Second 10 years, 
t Twenty years. 


SECOND 10-YEAR PERIOD 


Year 

4B 

SB 

17B 

ISB 

1908 

16.97 

42.77 

24.20 

27.38 

1909 

18.25 


54.94 

49.04 


54.74 


62.12 

51.22 

1911 

20.98 

64.10 

48.46 

41.59 

1912 

29.11 

49.16 

27.45 


1913 

27.63 

32.92 

15.50 

40.26 

1914 

52.46 

74.35 

67,86 

56.55 

1915 

32.13 

64.10 

52.53 

48.12 

1916 

36.60 

68 96 

57.53 

20.26 

1917 

27.95 

55.77 

41.75 

29.41 

Averagef 

31.68 

64.35 

45.23 

37.48 


A discussion of this subject would not be complete without a brief reference 
to the effect of cultivation on nitrogen losses. 

Shutt^ for example has shown that when the prairie soils of Saskatchewan 
were left undisturbed the loss of nitrogen was slight, but as soon as cultivation 
was commenced losses set in. 

Russell (4) refers further to losses of nitrogen as follows: 


One of the Broadbalk wheat plots receives annually 14 tons of farm-yard manure per 
acre containing 200 pounds of nitrogen. Only a little drainage can be detected and there 
is no reason to suppose that any considerable leaching out of nitrates occurs, but the loss 
of nitrogen is enormous amounting to nearly 70 per cent of the added quantity. 

The condition for this decomposition appears to be copious aeration, such as is produced 
by cultivation and the presence of large quantities of easily decomposable organic matter. 


^ Cited by Russell (4). 
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Now. these arc precisely the conditions of intensive farming in old countries and of pioneer 
fanning in new lands, and the result is that the reserves of soil and manurial nitrogen are 
everywhere being depleted at an appalling rate. 

Russell refers to the recuperative actions that are going on, but says; “One 
of the most pressing problems at the present time i^to learn how to suppress 
this gaseous decomposition and to direct the processes wholly into the nitrate 
channels.’’ 

In a paper on the nitrate content of cultivated and uncultivated soils, Blair 
and McLean (1), have called attention to the loss of nitrogen from cultivated 
soils and also to the low recovery from nitrogen applied as organic materials. 
They point out that land under cultivation is gradually being depleted of its 
store of nitrogen even when nitrogenous fertilizers are applied each year and 
that the average recovery of nitrogen applied in the form of fish scrap for a 
period of nine years, was only 36.36 per cent. 

With the same nitrogen treatment soils allowed to run wild just about 
maintained their nitrogen content, while the carbon content of these soils 
was slightly increased. 

The recovery of nitrogen in the four different treatments for the 20 years 
is shown by the curves in figure 1. A study of these curves shows that the 
high points are generally reached in either the first or second year of oats, and 
in the wheat year, while'the low points occur almost invariably in the com and 
timothy years. It is not entirely clearVhether this is a seasonal variation or 
a crop characteristic. 

It is certain, however, that the utilization of the residual nitrogen by the 
corn crops which follow the oats, helps to explain the high recovery for the 
years when oats are grown. 

CONCLUSIONS 

In a 5-year rotation on Penn loam soil well supplied with phosphoric acid, 
potash and lime, crop yields were better maintained over a period of 20 years 
with nitrate of soda at the rate of 320 pounds per acre than with an equivalent 
amount of ammonium sulfate or dried blood. For several years the latter 
gave results about on a par with the nitrate, but an average of the second 10- 
year period shows a considerable falling off with these materials as compared 
with the nitrate. This is no doubt due in part to the fact that the nitrate, 
being immediately available, gives the plant an early start which tends to 
keep it in the lead, and to the further fact that in the transformation of the 
ammonium salt and the organic material into nitrates, there is a considerable 
loss of nitrogen, possibly as ammonia gas or gaseous nitrogen or both. The 
loss cannot all be attributed to a leaching out of the materials,^even though the 
nitrification of ammonia and organic residues may go on throughout a large 
portion of the year. 

In the above-mentioned rotation cow manure at the rate of 16 tT&is per 
^cre gave somewhat larger yields than nitrate of soda, but the increased yidds 
were not sufficient to justify the increase in the cost of nitrogen. 
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Furthennore, the average yield with the manure fM the second 

lO-year period than for the first, while the reverse is true with nitrate of 
sods. Thu|4t is shown that with 16 tons of manure per acre annuallyi the 
crop yield is not being maintained, while with nitria.te of soda at the rate of 
320 pounds per acre annually it is increasing slightlj^^^as s^own by the average 
for the second 10-year period. 

The percentage of nitrogen recovered in the crop was greater with the 
nitrate than with any of the other materials, the 20-year averse being as 
follows: 


Nitrate of soda 
Anmumium sulfate 
Dried blood 
Cow manure 


per cent 

62 42 
47.48 

38.69 

32.69 


The average recovery with nitrate for the second 10-year period was 64.35 
per cent as against 60.48 per cent for the first 10-year period, whereas the 
average recovery with the ammonium sulfate, dried blood and manure were 
all less for the second 10-year period than for the first. 

This is in agreement with the crop yields, and indicates a diminishing effi- 
ciency for the ammonium sulfate, blood and manure, and a gradual increase 
in efficiency for the nitrate of soda. V 

The work shows that when properly used nitrate of soda alone as a source 
of nitrogen may be depended upon to maintain crop yields over a long period, 
and that a given amount of nitrogen in this form is more effective than an 
equivalent amount in the form of ammonium sulfate, or organic materials. 

Its effect is to produce larger crops per unit of nitrogen, and these crops, 
in turn, leave behind in the soil larger crop residues, and with carbonate of lime 
to aid in their decomposition these furnish a sufficient supply of organic matter 
to keep the soil in good physical condition. 
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With the recent developments in soil protozoology, various methods for 
counting protozoa have been devised as well as means of cultivation. The 
chief methods in use at the present time are five in number, namely: (a) the 
direct counting of a drop; (b) the dilution method of Rahn (6); (c) the agar* 
plating method of Killer (2); (d) the use of the standard loop of Muller (5); 
(e) the use of the blood counting apparatus as described by Kopeloff, Lint 
and Coleman (4). This last is perhaps the most recent. A review of the 
above methods is given by Kopeloff and Coleman (3). 

In connection with our work on soil protozoa the last-named method seemed 
very satisfactory, although difficulties were encountered under certain con- 
ditions. The authors found the accuracy of the method to be impaired (a) 
when the number of organisms in the sample fell below four hundred per 
cubic centimeter of suspension, and (b) when by any chance soil particles, the 
diameter of which was greater than 0.1 mm., had been carried into the cham- 
ber. The j)robability of error due to settling while taking the sample will be 
discussed and demonstrated in the data. 

To meet our conditions the following method was devised and was based 
on the principles of the Sedgwick-Rafter celV commonly used in the estima- 
tion of plankton in water examination, in conjunction with vital stain and a 
semi-solid diluent. 

APPARATUS 

The cell was of the type described by Whipple (7). The cell used was made 
by E. A. Thompson, of Amherst, and consisted of a large slide 75 by 25 mm. 
upon which was cemented a brass plate exactly 1 mm. in thickness, having 
in the center a rectangular opening 50 by 20 mm. A cover slip of the same 
size was used, thus giving a cell of 1 cc. capacity. 

MICROSCOPES 

In the course of the work two microscopes were used, a Leitz and a Bausch 
and Lomb binocular. The Leitz was used with the no. 3 objective and no. 4 
ocular, this combination having the following physical constants: 

* The use of this cell was suggested by Mr. Arthur W. Walker of the Northwestern 
iJmversity Medical SchooL 
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Numerical aperature 0 . 3l) 

Initial magnification ID. 3 mm. 

Working distance * . 5.5 mm. 

Diameter of visible field 2.1 mm. 

Equivalent focus 16.2 mm. 

Magnification 103 X 


The Bausch and Lomb binocular was used in the greater part of the work. 
In all cases the oculars were 10 X and the objectives either 24-mm. or 40- 
mm. The former gave a magnification of 74X and the latter a magnifica- 
tion of 34 X. With the first-named the diameter of the visible field was 
2 mm., with the latter it was 4.25 mm. 

CHEMICALS 

The vital stain was the indicator phenolsulphonephthalein. It was pro- 
cured in ampoules as sold for injection for the renal efficiency test and used 
without altering its condition. 

The diluent consisted of a 4 per cent solution of gelatine (Gold Label), 
the reaction of which had been adjusted to Pi 8 approximately by the addi- 
tion of N/5 NaOH. 

METHOD OF PROCEDURE 

For test work the organisms were cultivated in mannite solution (1). 
Samples of soil were put in the medium, usually about 5 gm. of soil to 100 cc, 
of medium and then the mixture was gently shaken. This was allowed to 
stand for two to three weeks at room temperature and usually at the end of 
this time was found to contain an abundance of organisms. 

The counting, unless otherwise designated, was carried on in the follow- 
ing manner: 

The cell was thoroughly cleaned with water and wiped with xylene. By means of a 
platinum loop the bottom was covered with a thin layer of the phenolsulphonephthalein 
solution. This was allowed to dfry and the culture, previously diluted with the alkaline 
gelatine solution, was run in after the manner described by Whipple (7). The mixture 
was then counted and from these data in the usual manner the total number of organisms 
per cubic centimeter of suspension was determined, 

In the work to determine the relation of time of settling to the total number 
of organisms, the same procedure was followed throughout with the excep- 
tion that 1 gm. of sand was added before the dilution was made up to 10 cc. 
and the whole gently shaken until the sand was evenly distributed. The 
time of taking the samples is given in the data. 

DATA 

/. Count made by Sedgmek-Rafter method without vital stain or sand 

A culture of large ciliates was taken and the counts were made with the Bausch and Lomb 
bino^Sttlar with lOX oculars and 40-mm. objectives. The number of fields to total area of 
^isas 81.9. 
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COUNT 

FIELDS 

...... _ 

AVERAGE 

TOTAL 

D* 

D*t 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 

1 

4 

5 

2 

2 

1 

1 

5 

3 

4 

2.8 

229.0 

36.0 • 

1,296.0 

2 

2 

3 

0 

2 

2 

2 

2 

s 

3 

2 

2.3 

188.0 

5.0 

25.0 

3 

1 

2 

0 

1 

4 

1 

1 

7 

1 

4 

2.2 

180 0 

13.0 

169.0 

4 

1 

6 

1 

4 

4 

3 

0 

2 

0 

1 

2.2 

180.0 

13 0 

169.0 

5 

1 

3 

2 

4 

2 

1 

3 

4 

3 

2 

2 3 

188.0 

5.0 

25.0 

Sum ‘ 

965 0 


1684.0 

Mean 

193.0 






* The deviation from the mean, 
t Square of the deviation from the mean. 

•= =*= 0.6745 y ^^ - 9 


= * 12 37 

Percentage of error « 12.37 -f- 193.0 X 100 =» 6 41 

The probable error for a single counting is calculated according to the usual 
formula: 

JS, - * 0.6745 ^-5^? 

where Es ie the error of single variate^ 

0.6745 is a constant for standard deviation. 

SD is the sum of the squares of the deviations from the mean, 
and is the number of variates. 

It will be noted that in the above result^ there is considerable error. This 
seems to be due to the fact that the protozoa were not defined and therefore 
some may not have been seen. 

//. A count of small flagellates as in I 


Unstained and without sand. A dilution of 1:20 was used. The microscope was 
binocular with lOX oculars and 24-mm. objectives. There were 318.5 fields, in the total 
area of the cell. 



« 55.35 


Percentage of error » 55.35 4* 560.54 X 100 ■» 9.87 
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The results indicate that the probable error increases considerably in this 
case. It may be due to the size of flagellates, and also to higher magnifica- 
tion which means a small visible field. 


IIL A count of large ciliates with Sedgwick-Rafier method and the use of vital 

stain 


Binocular used with 10 X oculars and 40-mm. objectives; dilution 1:1. 


COUNT 

1 

2 

3 

4 

FIE 

5 

I.DS 

6 

7 

8 

9 

10 

AVERAGE 

1 

TOTAL 

D 

m 

1 

2 

3 

4 

3 

2 

2 

1 

2 

1 

2 

2 

1 

2 

2 

1 

1 

1 

1 

0 

1 

2 

0 

3 

2 

1 

2 

0 

1 

1 

1 

1 

4 

3 

0 

2 

0 

0 

2 

3 

0 

2 

2 

2 

1.5 

1 5 

1.4 

1.5 

246 

246 

2.‘:o 

246 

4 

4 

12 

4 

16 

16 

1 144 

16 

Sum . 












968 


192 

Mean . 












242 


















= =fc 0.674S 
= * 4 6710 

Percentage of error * 4.6710 -r 242 X 100 » 1.93 


Calculating from these data it may be seen that the totals check very closely 
and the percentage of error is reduced considerably. In the experimental 
work it was found that the organisms were clearly defined. 


IV. Count of small flagellates using vital stain but no sand 

The binocular was used with lOX oculars and 24-mm. objectives. Suspension was 
diluted 1 : 20. 


COUNT 

FIELDS 

AVERAGE 

total/20 

D 

D* 

1 

2 

3 

4 

5 

6 

7 

8 j 

9 1 

10 




1 

4 

3 

2 

0 

2 

2 

1 

0 

2 

2 

1 8 

573 3 

19.14 

366.3 

2 

2 

2 

2 

3 

0 

1 

1 

0 

3 

3 

1.7 

54.1.4 

2.76 

7,6 

3 

1 

3 

0 

3 

0 

3 

2 

1 

3 

3 

1.9 

605.1 

50.94 

2,594.9 

4 

5 

2 

1 

1 

1 

2 

0 

3 

1 

1 

1.7 

573.3 

19.14 

366.3 

5 

3 

1 

1 

2 

3 

2 

1 

1 

0 

1 

1.5 

477.7 

76 46 

5,846.0 

Sum . . 
Mean . 











1 

2,770.8 

554.16 


9,181.1 














* 


« rfc 0.6745 


« 28.79 

Percentage of error » 28.79 4- 554.16 X 100 « 5.21 
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. Here the result of the preceding experiment is duplicated, indicating the 
very high probable error. 

VIL Time of settling in relation to number of small flagellates 


The tubes were used in the manner described under VI. One gram o£ sand was placed 
in each tube and the total volume made up to 10 cc. with a mixture consisting of a 1 : 5 
dilution of the culture. The objectives used on the binocular were 24-mm. 







FIELDS 









COUNT 











AVERAGE 

total/5 

D 



1 

D 

3 

4 

D 

6 

7 

8 

9 

m 


1 

2 

9 

12 

4 

8 

9 

4 

4 

3 

7 

6.2 

1,974.6 

923.6 

853,005 

2 

8 

3 

5 

2 

3 

5 

3 

3 

3 

2 

3.7 

1,178.4 

127.4 

16,268 

3 

4 

3 

5 

3 

2 

2 

1 

3 

3 

2 

2 8 

891.8 

159.2 

26,539 

4 

4 

3 

3 

5 

1 

1 

1 

1 

1 

2 

2.2 

700.6 

350.4 

125,860 

5 

2 

2 

1 

1 

1 

3 

2 

1 

2 

1 

1.6 

509.6 

541.4 

293,110 

Sum 

5.255.0 

1.051.0 


1,314,782 

Mean 






£5 = =fc 0 6745 ^ 

= * 345.88 

Percentage of error « 345.88 1051.0 X 100 =* 32.09 


The above shows quite clearly that small flagellates are affected in much 
the same way as the ciliates. 

4 

VIIL Check count on VII 


Same technique as VII, except that a 1 : 10 dilution was used. 


COUNT 

FIELDS 

AVERAGE 

TOTAL/S 

D 

m 

1 

D 

D 

4 

D 

6 

7 

* 

9 

10 




1 

1 

3 

4 

4 

4 

1 2 

2 

2 1 

0 

1 

2.3 


726.2 

527,375 

2 

2 

1 

2 

1 

2 

1 

3 

0 

1 

0 

1.3 


89,2 

7,966 

3 

1 

1 

1 

2 

1 

1 


1 

1 

1 



101.8 

10,366 

4 

1 

0 

1 

0 

1 

1 


1 

1 

1 



292.8 

85,732 

S 

1 

1 

0 

0 

1 

Q 

2 1 

0 

Q 

D 

0.5 


420.8 

177,050 

Sam 

3,694 

738.8 


808,489 

Mean t 


1 




JSg = *0.6745 ' 

= * 27.23 

percentage ol error 27.23 4- 738,8 X 100 ■* 36.69 


Thia count seems to check the results found in VII. 
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SUMMARY AND CONCLUSIONS 


Percentage of probable error 


LARGE aUATES 

SliALL PLAGELLAtES 

Without sand 

With sand 

Without sand 

With sand 

—Stain 

•f Stain 

- Stain 

+ Stain 

- Stain 1 

4- Stain 

- Stain 

H- Stain 

6,5 

1.93* 

56.87 

57.62 

9.87 

5.21* 

32.09 

36.69 


* Percentage of probable error for the proposed method obtained under the conditions 
described previously. 

— signifies without stain. 

4* signifies with stain. 

It is the authors’ experience that the above data seem to indicate several 
interesting points, namely: 

1. The use of a vital stain aids materially in defining the organism. 

2. The use of the semi-solid diluent inhibits the rapid motion, 

3. The results of a count are seriously affected when the soil is allowed to 
settle. 

4. The soil particles do not seem to affect the accuracy of the counts, espe- 
cially when the vital stain is used. 

5. The probable error seems to vary inversely with the size of the organisms 
and directly with the magnification. 

The method is presented, not with the intention of supplanting methods 
already in use, but rather with the idea of supplementing certain methods 
which, within definite limits, give excellent results. 

The method has its limitations as the authors well realize. The cell does 
not permit a magnification that will include all the protozoa in the soil, neither 
does it allow for the possibility of the organisms being concealed by the soil 
particles. Nevertheless, the data given above seem to show that under the 
stated conditions gratifying results were obtained. 

The advantages of the method may be summed up in the following 
statements: 

1. The sample counted consists of a comparatively large amount of soil 
dilution, therefore allowing the counting to be done while the soil is in 
suspension. 

2. The vital stain brings the organisms in the field into prominence. 

3. The use of the semi-solid diluent prevents rapid motion and lessens 
the chance of error. « 

4. The procedure is simple and quick. 

5. The apjMiratus is inexpensive. 
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SULFOFICATION IN RELATION TO NITROGEN 
TRANSFORMATIONS 

J. W. AMES AND T. E. RICHMOND 
Ohio Agricultural Experiment Station 
Receiv(^d for publication April 8, 1918 

At present considerable interest is taken in the use of sulfur in agriculture. 
Experimental evidence has been obtained which indicates that finely-ground 
sulfur added to some soils has favorably influenced plant growth; and that 
the acidity produced by the process of sulfur oxidation has a remarkable 
solvent action on mineral plant nutrients, including phosphates, thereby 
converting them into more available forms. 

In considering the possibilities of elementary sulfur as a means for either 
directly or indirectly increasing crop production, some questions arise as to 
tlie effect of the acidity produced on nitrogen transforftiations in acid and 
basic soils. Preliminary data pertaining to the relations between sulfofication 
and the production of ammonia and nitrates under controlled conditions are 
presented. 

EXPERIMENTAL PROCEDURE 
Description of soils 

The soils used in the experimental work were representative of three dis- 
tinct types and provided for wide variations in content of organic matter 
and basicity. 

The silt loam soil which is deficient in calcium carbonate and organic res- 
idues has a total lime requirement of approximately 4000 parts of calcium 
carbonate per million. The black clay used is decidedly basic in reaction, 
although it contains only 300 parts of calcium carbonate per million. 

The peat was thoroughly decomposed and required approximately 10,000 
parts of calcium carbonate per million to satisfy its requirements for base. 

Five hundred-gram portions of the soils reduced sufficiently to pass through 
a 2-mm. sieve were used as a basis for the different treatments. 

Soil treatment 

The additions where made were flowers of sulfur, casein, rock phosphate, 
and calcium carbonate. Sulfur and rock phosphate were supplied at the rate 
of 1000 parts per million; and the quantity of casein added furnished 500 
parts of nitrogen per million. 
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For the purpose of studying the eifect of a^supply or deficiency of a readily 
salifiable base On the processes involved, the additions of calcium carbonate 
provided for different degrees of basicity. In the case of the acid silt loam 
the largest addition of calcium carbonate, 4000 parts per million, was slightly 
iivexcess of the amount necessary to satisfy completely the soil’s requirement; 
one-half and one-fourth this amount also were added to certain mixtures of the 
silt loam soil. 

The natural basicity of the black clay was increased by 1000 and 500 parts 
of calcium carbonate per million. The largest addition of calcium carbonate 
to the decidedly acid peat was 10,000 parts per million and the smallest 20(X). 

When the materials were mixed with the soils, water was added to satisfy 
60 per cent of their water-holding capacity. The several mixtures were 
transferred to quart jars and placed in a darkened cabinet, the temperature 
of which was maintained at 28® to 30®C. 

The total weights of the jars and contents were obtained at the beginning 
of the period and weighings made at regular intervals when the' water lost by 
evaporation was replaced; weighings were made and water added every fourth 
day. 

Optimum conditions for aeration prevailed, as the containers were uncovered 
and the mixtures stirred two days after each addition of water required to 
adjust their water content. 

Fifty different mixtures were included in the experiment, duplicate jars of 
each being prepared on the same date. The interval between the beginning 
of the experiment and the time when the transformations which had occurred 
were determined was 17 weeks. 

ANALYTICAL METHODS 

At the end of the experimental period the amount of sulfur as sulfate, of 
nitric and ammoniacal nitrogen, the acidity and the alkalinity were determined 
in the water extract of the mixtures, according to the following methods. 

SoliUion 

At the end of the incubation period the contents of the jars were emptied 
into a large porcelain evaporating dish, thoroughly mixed, and returned to the 
jars as quickly as possible to prevent loss of weight by evaporation. A weighed 
portion of the mixture corresponding to 400 gm. of dry soil was transferred to 
wide-mouth bottles having a capacity of 4000 cc., and water added so that the 
totSal volume in contact with the soil was 2500 cc. 

The extraction was continued through a period of 14 hours with shaking 
at regular intervals during the first two hours. Filtration was made through 
a battery of Berkfeld filters employing pressure secured from an automatically 
controlled pump. The first portion of the filtrate was discarded. Approxi- 
mately 2000 cc. of solution were secured in each case. 
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Nitrogen as ammonia in water solution 

A 200-cc. portion of the filtered solution was transferred into a Kjeldahl 
flask and a half gram of freshly calcined magnesium oxide added. The 
ammonia distilled off was passed through a second and smaller Kjeldahl 
flask used as a scrubber and from this into a SOO-cc. Erlenmeyer flask made 
of Pyrex glass. All connecting tubing was made of Pyrex glass. The liber- 
ated ammonia was absorbed in 1/10 normal acid and titrated with 1/20 normal 
alkali, methyl red being used as an indicator. 

Nitrate nitrogen 

Nitrogen in this form was determined by the Devarda reduction method 
as modified by Allen (1). 

The solution remaining after distilling off ammonia with magnesium oxide 
was diluted with 200 cc. of distilled water, free from ammonia and nitrates, 2 cc. 
of 50 per cent sodium hydroxide solution were added and the contents of the 
flask boiled for 20 minutes. The flasks were then cooled, 2 gm. of Devarda’s 
alloy added, and at once connected to the same apparatus as was used for 
the ammonia determination, and boiled for 40 minutes. 

Sulfates 

Water-soluble sulfates were determined gravimetrically in 200-cc. aliquots 
of the filtered solution after first acidifying with hydrochloric acid and boiling 
to decompose carbonates before the addition of barium chloride. 

Acidity and alkalinity 

The acidity or alkalinity of the water extract of the mixtures expressed in 
terms of sulfuric acid or calcium carbonate was determined by titrating a 
100-cc. aliquot of the solution as follows: 

Ten cubic centimeters of N/50 H2SO4 were added, the solution boiled and 
cooled, and then titrated with N/50 NaOH solution, phenolphthalein being 
used as an indicator, 

SULFUR OXIDATION 

The results for soluble sulfur as sulfates extracted by water from the differ- 
ently treated soils are included with the data for nitric and ammoniacal nitro- 
gen, and acidity and basicity of the water solutions, in the accompanying 
tabulations. 

The amounts of water-soluble sulfates obtained from those mixtures in 
which no sulfur was included were practically the same. This indicates that 
a greater proportion of the natural sulfur supply has been oxidized in the acid 
silt loam than in the basic clay, since the total sulfur content of the basic clay 
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TABLE 1 

Sulfur and nitric and ammoniacal nitrogen in acid silt loam. Data expressed as parts per 

million of soil 


TREATMENT 

CaCO* 

ADDED 

SULFUR 

NITRIC 

NTTROOEN 

AMMONI« 

ACAL 

NITROGEN 

ACIDITY 

1 AS H 3 SO 4 

ALKA- 

LINITY 

AS CaCOi 

None 


20 

4^ 

0 

0 

9 

Floats 


18 

77 

0 

0 

25 

Floats 

4,000 

52 

116 

0 

0 

212 

None 

4,000 

58 

103 

0 

0 

140 

Casein 


44 

200 

132 

61 

0 

Casein 

4,000 

56 

440 

0 

0 

56 

Casein, floats . 


32 

186 

55 

24 

0 

Casein, floats . ... 

4,000 

50 

400 

11 

0 

87 

Sulfur 

4,000 

671 

88 

0 

0 

12 

Sulfur 

2,000 

675 

22 

33 

52 

0 

Sulfur 

1,000 

710 

11 

46 

223 

0 

Sulfur 


718 

8 

33 

511 

0 

Sulfur, floats. 

4,(X)0 

524 1 

96 

10 

0 

75 

Sulfur, floats 

2,000 

553 

29 

38 

30 

0 

Sulfur, floats 

1,000 

589 

18 

43 

196 

0 

Sulfur, floats 


775 

12 

48 

666 

0 

Sulfur, casein 

4,000 

661 

295 

4 

18 

0 

Sulfur, casein 

2,000 

808 

92 

241 

76 

0 

Sulfur, casein 

1,000 

740 

33 

208 

200 

0 

Sulfur, casein 


725 

10 

328 

144 

0 

Sulfur, floats, casein ... 

4,000 

646 

296 

88 

Neutral 


Sulfur, floats, casein 

2,000 

752 

98 

254 

79 

0 

Sulfur, floats, casein 

1,000 

683 

44 

208 

128 

0 

Sulfur, floats, casein . . . j 

i 

716 

44 

288 

159 

0 


TABLE 2 


Sulfur aftd nitric and ammoniacal nitrogen in basic black clay. Data expressel ar parts per 

million of soil 


TREATMFNT 

CaCO# 

ADDED 

SULFUR 

NITRIC 

NITROGEN 

I 

AMMONIACAL 

NITROGEN 

ALKALINITY 

AS CaCOi 

None • 


38 

142 

11 

90 

Floats 


31 

141 

11 

93 

None 

1,000 

38 

143 

11 

106 

Floats 

1,000 

35 

143 

0 

175 

Sulfur 


656 

107 

11 

78 

Sulfur, floats 


790 

144 

10 

78 

Sulfur 

1,000 

811 

145 

11 

43 

Sulfur 

500 

707 

146 

10 

93 

Sulfur, floats ! 

1,000 

760 

158 

11 

46 

Sulfur, floats 

500 

723 

145 

16 

90 
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TABLE 3 

Sulfur and nitric and ammoniacal nitrogen in acid peat. Data expressed as parts per million 

of soil ^ 


TKEATIIENT 

CaCO. 

ADO£l> 

SULFUR 

NITRIC 

NITROGEN 

AMMONIACAL 

NITROGEN 

ACIDITY AS 
HtS04 

None 


118 

255 

259 

353 

Floats - 


108 

210 

252 

412 

None. 

10,000 

108 

556 

122 

137 

Floats 

10,000 

87 

560 

115 

39 

Sulfur 


937 

105 

357 

294 

Sulfur, floats 


952 

100 

392 

353 

Sulfur 

10,000 

818 

112 

399 

274 

Sulfur 

5,000 

942 

80 

406 

294 

Sulfur . 

2,000 1 

981 

58 I 

398 

372 

Sulfur, floats 

10,000 1 

1025 

108 

318 

235 

Sulfur, floats 

5,000 

935 

98 

420 

118 

Sulfur, floats 

2,000 

881 

105 

403 

235 


is about 500 parts per million and the silt loam contains 230. Apparently, 
conditions are more favorable for oxidation of the natural supply of the silt 
loam, or the sulfur in these soils, differing widely in their characteristics, is 
present in different forms. No doubt a considerable proportion of the sulfur 
in soils which, like the black clay, are disUnguished by their high organic 
matter content, exists as organic combinations. 

Peat soils generally contain considerable amounts of soluble sulfates of 
calcium and magnesium; consequently, the larger amounts of soluble sulfur 
obtained from the peat can not be regarded as an indication of conditions being 
much more favorable for the oxidation of its original sulfur content. 

In all the mixtures where sulfur was included in the treatment, there has 
been a considerable production of sulfates, the amount of sulfur oxidized de- 
pending upon the soil and the treatment. Somewhat larger amounts of sul- 
fates were extracted from the peat to which .sulfur was added. 

The quantities of sulfates found in the water extract of the acid silt loam 
are of interest as an index of the effect of the wide range of treatment, especially 
the different degrees of basicity provided, on the sulfur oxidation process. 
Although the amounts of sulfates resulting from oxidation of sulfur compounds 
naturally present in the acid silt loam are small as compared with the quanti- 
ties found in the water extract of soils to which sulfur was added, they furnish 
an indication of the influence of differences in treatment on sulfofication. 

Where sufficient calcium carbonate was present to satisfy the soil’s require- 
iftent for base an increase of soluble sulfur was found. The addition of casein 
has also produced the same effect. 

Considering in detail the results for the sulfur group of mixtures, including 
those with floats and casein in addition, it will be noted that different amounts 
of calcium carbonate have had an appreciable influence on the degree of 
sulfofication. 
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Where the treatment was sulfur, or sulfur and floats, the minimum oxida- 
tion of sulfur occurred when the total requirement of the soil for base was 
satisfied by calcium carbonate supplied at the rate of 4000 parts per million 
of soil. The sulfur as sulfates has tended gradually to increase with the 
lesser additions of calcium carbonate, being greatest where no basicity was 
supplied. 

It will be noted that in the group of mixtures having casein with sulfur, the 
effect of the several amounts of calcium carbonate has been different. The 
indications furnished by the sulfur results when casein was included are that 
the optimum basicity for sulfofication was one-half the total lime require- 
ment, the most soluble sulfur being found where 2000 pounds of , calcium car- 
bonate were added, rather than where no calcium carbonate was supplied, as 
was the case in the sulfur and the sulfur and floats groups of mixtures. 

Rock phosphate, or floats, appears to have had a slight effect on sulfur 
oxidation when calcium carbonate was added. Comparing the sulfur results 
through the three applications of calcium carbonate in the mixtures receiving 
sulfur, and sulfur and floats, it will be observed that when floats w^ere included 
the oxidation of sulfur has been slightly depressed. 

ACIDITY AND ALKALINITY 

From SO to 80 per cent of the sulfur added having been oxidized, the acidity 
produced will have had an effect on other processes. 

The figures for acidity stated as sulfuric acid show that it follows the order 
of the sulfur oxidized, gradually increasing with the smaller additions of base, 
and as would be expected, is greatest where no calcium carbonate was supplied 
to neutralize the acidity. 

This relation between the maximum oxidation of sulfur and acidity exists 
only where casein was not included in the mixtures with sulfur. With casein 
and sulfur both added to the soil, the acidity where no calcium carbonate was 
present was decidedly less than that of corresponding mixtures without casein, 
the acidities of the sulfur mixtures being 51 1 and 666, while those of the mix- 
tures which included casein with sulfur were 144 and 159 parts per million. 
This depression of the acidity of the water extract in the one case is evidently 
due to the influence of sulfur oxidation in limiting the transformation of 
proteid nitrogen so that it proceeded to ammonia only. Acidity being pro- 
duced by the oxidation of sulfur, and no calcium carbonate being supplied, the 
basicity of the soil was not sufficient for the further change from ammoniacal 
to nitric nitrogen. Consequently, the increased accumulation of ammonlk 
where casein was present has neutralized the acidity which has been produced 
through sulfofication. 

‘ WJiiJe considerably more nitrogen as ammonia was found in the sulfur- 
casein 'mixtures than where casein was not included with sulfur and additions 
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of 2000 and 1000 parts per million of calcium carbonate were made, the acidity 
of the water extract has not been changed appreciably. 

The alkalinity of the water extract, of course, was greatest where calcium 
carbonate w’^as furnished to satisfy the total requirement of the soil, and 
nitrification and sulfoficatioi^ proceeded less actively than when either casein 
or sulfur was present. It will be noted that this alkalinity has been decidedly 
decreased where the largest formation of nitrates from proteid nitrogen oc- 
curred, the amounts of nitric nitrogen being 400 and 440 parts per million. 
The calcium in solution as calcium nitrate was also greatly increased where the 
alkalinity was decreased. 

The figures for alkalinity and soluble calcium, considered in relation to the 
maximum production of nitrates, strikingly illustrate the base requirement 
of the nitrifying process. I'urther indications of the effect of nitrification in 
depleting the soil’s supply of bases is furnished by the increased acidity of the 
water extract of the soil mixture in which nitrogen supplied by casein has 
been partially changed to both ammoniacal and nitric forms in the absence of 
sufficient calcium carbonate for the more complete transformation to nitrates. 

The solutions from the black clay w^ere all alkaline. While the amount of 
sulfur oxidized in the clay soil mixtures was approximately the same as in the 
acid silt loam, Ihe natural basicity of the clay was in excess of the amount of 
base attacked by acidity resulting from suMofication. The water extracts 
from the peat were all acid regardless of sulfur oxidation. 

NITRIFICATION 

The chief purpose of the investigation which furnished the reported data 
has been to determine the effect of sulfofication on nitrification in acid and 
basic soils, and w’hether these processes have selective power to combine with 
specific soil constituents. While no attempt has been made to study the 
phenomena of nitrification and ammonification, the results have contributed 
some interesting information pertaining to the influence of different treat- 
ments on these processes. 

The nitrogen data show that the transformation of proteid nitrogen in 
different types of soils is influenced by several fattors. Considering first the 
nitrate nitrogen in the soils to which no nitrogen was added, it wdll be observed 
that the largest aocumulation was in the acid peat; a smaller amount was 
found in the basic clay and the minimum production occurred in the acid silt 
loam. These figures parallel the total nitrogen content of the three soils 
regardless of their extreme variations in basicity and acidity. The nitri- 
fication process does not appear to have been greatly depressed in the decidedly 
acid peat. In this connection, mention is made of the fact that samples of 
acid peats taken during the summer months when conditions were favorable 
for nitrification showed a nitrate content in field soils of 200 parts per million. 

Nitrification as an infiicator of aridity or basicity of soils is quite strikingly 
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illustrated by the production of nitrates in the naturally basic black clay, as 
compared with that in the silt loam, which has a total requirement of approxi- 
mately 4000 pounds of calcium carbonate per million pounds of soil. 

The amounts of nitric nitrogen in the black clay mixture were practically 
the same whatever the treatment, while in the acid silt loam nitrification was 
decidedly increased when (Calcium carbonate was added. No mixtures of the 
black clay or peat included Casein as part of the treatment on account of their 
natural supply of organic nitrogen; consequently, tlie comparison with respect 
to relations between basfcity and nitrification is made between the silt loam 
•receiving no casein and the other soils. 

The maximum production of nitrate nitrogen in the acid silt loam occurred 
where calcium carbonate was added in amount sufficient to satisfy the soil's 
requirement for base. This accumulation of nitrate nitrogen equal to more 
than 80 per cent of the organic nitrogen added can not be regarded as the total 
quantity of the added nitrogen which has been changed during the whole 
period, since ammonification when casein or blood is the source of nitrogen 
may proceed more rapidly than the ammonia produced can be converted to 
nitrates, with the probability of there being a considerable loss of nitrogen. 

The effect of increasing basicity is quite pronounced in the peat soil where 
no oxidation of added sulfur occurred. Wliile the addition of calcium car- 
bonate sufficient to supply the lime requirement of the peat soil has caused the 
largest production of nitrate nitrogen, this increase is only about double that 
in the peat receiving no calcium carbonate or other treatment. 

The nitrogen results when sulfur has been oxidized in the silt loam mixtures 
receiving the smallest addition of calcium carbonate, one thousand parts per 
million, which is one-fourth the amount required to satisfy the lime require- 
ment, show that this amount of base has very little effect on nitrification, since 
the amount of nitric nitrogen was practically the same as that recovered from 
the soil with its requirement entirely unsatisfied. This is so where casein was 
present as well as where the indications were obtained from the natural nitrogen 
supply of the soil. 

Acidity developed by sulfofication has had a decided effect on the nitrogen 
transformation, especially in the acid silt loam where the greater variety of 
treatment including pro teid nitrogen supplied by casein affords an opportunity 
for making more extended comparisons. 

The nitrogen results for this soil have clearly shown that a measure of 
either the nitric or ammoniacal nitrogen independently would not ha ve furnished 
correct indications of changes from proteid to other forms of nitrogen when 
, oxidation of added sulfur has occurred, for the reason that with certain con- 
ditions of treatment no appreciable amounts of nitrates were produced, the 
transition being to ammonia only, while under other conditions the change has 
proceeded more completely and practically all of the nitrogen was present as 
nitrates. 
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The transformation from ammonia to nitrates is depressed in the silt loam 
when sulfur has been oxidized, unless the acidity produced has been neutralized 
by calcium carbonate. I'his was also true for the nitrates in the acid peat 
Sulfofication has had very little influence on nitrification in the basic clay, the 
quantities of nitrates found being practically the same regardless of sulfur 
oxidation. 

One of the interesting points brought out by the work on nitrogen is the 
quantitative relationship between the results for nitrates and the calcium 
carbonate additions to the silt loam where the indications were obtained from 
the natural nitrogen supply as well as where proteid nitrogen was supplied by 
casein. 

When sufficient calcium carbonate was present to satisfy the soirs require- 
ment, excluding that necessary for the neutralization of acidity developed by 
sulfofication, the maximum quantities of nitrates were produced, the quantity 
found gradually decreasing with the smaller additions of carbonate and the 
ammoniacal nitrogen increasing. Although calcium carbonate in amount 
considered to be sufficient to satisfy the soil’s demand for base exclusive of the 
additional requirement resulting from the oxidation of sulfur, increased the 
production of nitrate nitrogen where sulfur and casein were included together 
this quantity of calcium carbonate, however, was not adequate to satisfy 
the requirement of the soil for base and at the same time neutralize the acidity 
produced by the oxidation of sulfur. Evidence of this is furnished by the 
amounts of nitrates recovered from the mixtures which included casein with 
and without sulfur, and additions of calcium carbonate made at the rate of 
four thousand pounds per million. W^here no sulfur was added, the quantity 
of nitrates recovered was 44() parts per million and Ayhere sulfur was oxidized 
there was a decrease to 29S parts per million. 

AMMONIFICATION 

When the results for nitrogen as ammonia are studied in relation to the 
nitric nitrogen figures obtained under the conditions of this experiment, they 
are of special significance in that they show the influence of various factors on 
the transition from the one form to the other. 

Excluding the mixtures of peat soil, the quantities of amraonical nitrogen 
found are relatively small as compared with the ammonia extracted from the 
soil mixtures which included casein and sulfur. Oxidation of sulfur in the 
naturally basic clay soil has produced no variation in the amounts of ammonia, 
the slight differences exhibited by the results being well within the limit of 
analytical error. This uniformity conforms with the regularity observed 
between the results for nitrates and ammonia throughout the acid silt loam 
group of mixtures, that is, when conditions were made favorable for the pro- 
duction of nitrates by supplying base, the amounts of ammonia were small. 

One relation between the two forms of nitrogen which is shown by the results 
is that the amounts of ammoniacal nitrogen vary inversely with the nitrates. 
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Casein being included in the silt loam mixtures and provision made for 
different degrees of basicity, the results for these mixtures are of interest when 
considered in detail. 

It will be noted by referring to the data included in table 1, that the maximum 
accumulation of ammonia in the sulfur-casein treated mixtures receiving 
4000, 2000 and 1000 pounds of calcium carbonate per million, is in direct re- 
lation to the largest amount of sulfur oxidized. Nitrogen as ammonia and 
sulfur as sulfate in these groups of mixtures were recovered in largest amount 
where calcium carbonate was added at the rate of two thousand parts per 
million of soil. 

Where acidity was produced from sulfofication and no calcium carbonate 
was available to neutralize it, the transition from proteid to other forms of 
nitrogen proceeded to a slight extent only beyond ammonia, as the conditions 
were not favorable for the further change to nitrates and only small amounts 
of nitrogen in this form were found. 

The results for ammoniacal nitrogen in these mixtures compared with 
the figures for acidity furnish evidence that in the absence of calcium carbo- 
nate, the ammonia produced neutralizing the sulfuric acid formed was combined 
as ammonium sulfate, since the acidity of the water extract was decidedly 
less than was found for similar mixtures where ammonifying organisms did not 
have a supply of proteid nitrogen to transform into ammonia. However, the 
acidity figures when basicity conditions were apparently optimum for sulfo- 
fication do not indicate that the ammonia formed in largest amounts from 
casein has materially changed the acidity from that where no casein was in- 
cluded in the mixtures with sulfur. The increased quantity of soluble sul- 
fates associated with the ammonia present where two thousand parts per 
million of calcium carbonate were provided may be partly ammonium sulfate. 

In these cases where conditions resulting from sulfofication, and the presence 
of insuflScient base were such that the transformation from ammonia to nitric 
nitrogen was' largely prevented, there would undoubtedly be a fixation of a 
part of the ammonium sulfate formed, since it is an established fact that soils 
have the capacity for fixing considerable amounts of ammonia from added 
ammonium salts. It would seem that following the fixation of ammonia 
from ammonium sulfate formed, whether this phenomenon of absorption or 
fixation is the result of chemical interchange or due to physical or other causes, 
there would be a consumption of calcium, magnesium or other base by the 
sulfate radicle. Since ammonium sulfate is regarded as a physiologically 
acid salt, in field soils the possible utilization of ammoniacal nitrogen by 
growing plants would be a cause contributing further to the depletion of soil 
bases. 

, Whether the ammonia is changed from its combination as sulfate directly 
to nitrous acid and nitrate, or whether there is an intermediate reaction, a 
base wiH be required, as is evidenced by the results for ammoniacal and nitrate 
nitrogen in the soils where sulfur was oxidized and variations in basicity existed. 
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In this connection, two questions are suggested. To what extent will 
tricalcium phosphate serve as a source of basic calcium in soil which, while 
not supplied with calcium carbonate, contains minerals which may be attacked 
by acidity developed through nitrogen transformations, or by the sulfate 
radicle of ammonium sulfate? The acid radicle will be a factor regardless of 
whether ammonia is oxidized by nitrite bacteria, fixed by soil or utilized in 
part directly by growling plants. 

And further, if the soil is supplied with calcium carbonate, will the nitrous 
acid exercise any selective action and unite with the calcium of tricalcium 
phosphate in preference to calcium present as carbonate? 

Without the data for calcium and phosphorus which will be obtained as a 
part of the investigation, at present not completed, the nitrogen results must 
be regarded as indicative only. How^ever, the figures for nitric nitrogen found 
in these mixtures of the acid silt loam soil where floats were included and 
either one thousand parts of calcium carbonate or none were added, furnish 
very slight evidence of the calcium in tricalcium phosphate mixed with the soil 
at the rate of one thousand parts per million having functioned as a base. 

When no change was brought about in basicity by calcium carbonate or in 
acidity by the oxidation of added sulfur, a part of the proteid nitrogen furnished 
by casein has been completely changed to the nitrate form and a part to am- 
monia only. The ammonia found w^as considerably less than was present in 
mixtures which were similar except that added sulfur was oxidized, and the 
nitrates were half the amount produced when the base requirement of the soil 
was satisfied. 

SUMMARY 

Oxidation of elementary sulfur in soils devoid of base depresses activities 
of nitrifying organism. 

Although basicity was supplied by calcium carbonate in excess of the re- 
quirement of the soil, the yield of nitric nitrogen from casein was considerably 
decreased by oxidation of added sulfur. 

A further decided depression occurred with decreased basicity, so that a 
quantitative relationship exists between the yields of nitrates and calcium 
carbonate additions. 

The increasing amounts of ammonia wdiich accompanied the decreased 
yields of nitrates when sulfur was oxidized, can not be considered as indicative 
of sulfofication having exerted a stimulating effect on ammonification. 

This inverse relation between ammonia and nitrates must be interpreted 
as existing rather because the deficiency of base necessary for neutralizing 
sulfuric acid has inhibited the transition from ammonia to nitric nitrogen. 
The ammonia formed neutralized the acidity and remained as ammonium 
sulfate. 
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It is well known to all, whether it be in Africa or America, how very often 
malaria is an obstacle to the permanent occupation of the soil by man. As a 
matter of fact, there are numerous cases of expeditions of explorers and travel- 
ers destroyed, and of attempts at colonization impeded on the ‘'Dark Conti- 
nent.” Itis also well known that in thecuttingof the Panama Canal the major 
obstacle was malaria in conjunction with yellow fever. 

But even in Europe malaria is still an obstacle to the progress of agriculture. 
Southern Italy, southern Spain, southern Russia, Greece and nearly all of the 
Balkan Peninsula are strongly malarial. As to farming in these regions, as 
the saying is in Italy, internal colonization finds its principal obstacle in 
malaria. These regions are characterized: 

(a) By lack and scarcity of rural population. On the other hand, popula- 
tion is congested in the settled centers. Very often these centers are very 
distant from each other. 

(b) By the predominance of large estates under extensive culture as. com- 
pared with small estates under intensive culture, 

(c) By lack of country houses and roads. 

(d) By disorders of stream action (erosion) due to lack of systematic liand- 
ling of the land, which is manifested by the torrents in the deforested hills 
with inundations and swamps in the low lands. 

(e) Finally, by the prevalence of malaria, which above all else in the sum- 
mer interferes with the housing of workers in the country. 

Besides this group of causes, which in their turn are effects, historians point 
out remote causes in the large estates of the Roman Empire, in the Saracenic 
invasions (which compelled the population to take refuge in the hills) in 
feudalism and in feudal legislations, in brigandage, in the occupations by 
strangers (enemy or conquerors), in the destruction of forests, etc. These 
conditions, until a short time ago, formed a closed cycle which nothing could 
break; extensive culture, the large estate, the ^'wamp-engendered malaria, 
which in turn gave rise to the depopulation. This depopulation resulted in 
extensive culture, large estates, pasture feeding, and the abandonment of the 
soil. 
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However, the studies of Laveran, Celli, Marchiafava, Ross, Manson and 
Grassi, had made certain that malaria is propagated exclusively by means of 
mosquitoes of the genus Afiopheles. They demonstrated that the protozoan 
parasite passes a closed evolutionary cycle between the Anophdes and man. 
It was thought for a certain time that by improving the health of the malarial 
person or curing with a specific remedy, and also through keeping healthy 
people from contracting the disease from bites of infected Anopheles by screen- 
ing, malaria would be destroyed in a few years. Thus the principal obstacle 
to the possession of much land would be removed. 

It was at this time that the malarial flagellum was considered a conquered 
giant. The illusion faded very quickly. The curing of malarial patients in 
the preepidemic period was proved to be too inefficient in diminishing the 
quantity of malarial virus quickly. Mechanical protection with netting on 
doors and windows, and with gloves and masks, appeared to be a form of non- 
sense practical for the most part only as a luxury. 

In the meantime, however, a new horizon had formed about hygiene. It 
was said that, since malaria is carried by the Anopheles which has its home in 
water, removing the water from the malarial places by means of well-conducted 
improvements, ought to effect the reclamation of the malarial locality by re- 
moving the means of malarial propagation. 

It had to be recognized very soon that the mere presence of Anopheles was 
not the true criterion of the possible prevalence of malaria. The number of 
Anopheles was not synonymous with the epidemic; that is, it was possible to 
have entire regions badly infested, with little malaria prevalent, and on the 
other hand, it was possible to have a severe malarial condition with a ridicu- 
lously small number of Anopheles, Thus it was discovered that there could be 
freedom from malaria with swampy conditions and a prevalence of Anopheles. 
It was ascertained that there are zones in all latitudes in which malaria arises, 
which are notoriously swampy and give rise to a very abundant Anopheline 
fauna, but that malaria in these places is well-nigh only a matter of historic 
record. 

This was enough to demonstrate that the equation 
Man X Anopheles == Malaria 
was incomplete and that instead it should be expressed 
Man X Anopheles X x — Malaria 

In continuing researches on the aquatic habitat of the Anopheles y its enor- 
mous facility for adaptation was recognized. It was seen that the phenomenon 
of Anophdism without malaria was the rule and not the exception. Hence 
the etiological formula, that where the Anopheles exists there is malaria, should 
be changed into the following which the author has proposed: Where there is 
malaria there is the Anopheles which transmits it. 
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But whatever other disillusions these last proofs did not bring forth, there 
was a true debacle of every scientific application to practice! 

It was thus feared for a while that we should have to renounce every hy- 
gienic effect of drainage. It was thought that it was mere nonsense to hope 
that drainage could be so well conducted as to remove the possibility of pro- 
pagating Anopheles in a territory in which they had been established for cen- 
turies. Since the Anopheles might not find any more water truly stagnated, 
they would content themselves with wells, drinking fountains, ponds in gar- 
dens, wash tubs and puddles, and in the absence of fresh waters, would end up 
in making use of salt waters. 

It would have been a case of despairing of every progress based on the new 
discoveries, if two new proofs had not come to our aid. These can be sum- 
marized thus: 

(a) It is possible to live in malarial places by means of modern prophylaxis, 

both general and quininic. ^ 

(b) Drainage improvement, which has behind it agi^ultural improvement, 
that is, intensive cultivation of soil already malarial, makes the malarial 
regions sanitary again. 

In the first point there is a plebiscite of scientists and conscientious experi- 
menters. As to numerical examples, they do not stand in any need. Those 
reported in the table of Celli were published in the paper on malaria, entitled 
*^Work of the Society for the Study of Malaria from 1898 to 1908.’’ On the 
second point, there is also a plebiscite determined by a series of objective and 
systematic studies. 

In f act y front studying the major part of Italian improvement {drainage)^ it has 
been concluded that where for particular reasons it has been possible to establish 
agricultural improvement, immediately after drainage improvement there has also 
been a hygienic improvement. The contrary resulted where it was not possible 
to have agricultural improvement as a complement to the drainage. 

The author's station has carried no light contribution of studies in this sense. 
Among these may be recorded: 

(a) Studies on the improvement of the province of Reggio Emilia (northern 
Italy) which have made the fact prominent that the said province can be di- 
vided into two regions: a low region with much surface waters, with a great 
prevalence of Anopheles and a small amount of malaria; and a high region with- 
out surface waters worthy of note, with a‘ prevalence of A uopheles sufficiently 
serious, yet in which it may be claimed that malaria has disappeared. The 
only historic difference between the two regions lies in the fact that in the 
high part of the Reggian Plain, drainage improvement is antiquated while on 
the low region it is relatively recent. 

(b) Observations made about the province of ^lacerata (one of the five 
provinces of Italy immune from malaria for some time and under intensive 
agriculture), which led to establishment of the fact that while malaria had not 
existed at the place for about one century past, with the last drainage improve- 
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merit and in the latest rice fields, the prevalence of Anopheles is still very great 
and has an influence upon homes near the city. 

(c) Studies and researches upon the celebrated ex-Lake Fucino, drained by 
the House of Torlona. These show that if in the Fucine Region the swamp, 
has always existed, and hence presumably the Anopheles also, malaria there 
has never become intensified. There was an exception to this in a period of a 
few years which coincided with the work of drainage and which gradually 
disappeared while agricultural improvement was becoming established on the 
drained banks. 

(d) Observations and verifications in which we are assisting in many localities 
of the south. If in itself malaria has very often impeded the advance of agri- 
cultural improvement in its intensity, the fruitfulness of the climate has also 
permitted of other means of resanitation following drainage and agricultural 
improvement. This has taken place in landsof pronounced malarial conditions. 
It is noteworthy from this viewpoint, in the negative sense, as regards portions 
of Vico in the drainage of the smaller basin of the Volturno, until almost up 
to the reign of I'erdinadn II. 

The Bourbonic administration had well understood that to complete the 
gigantic works accomplished, it was necessary to add private to the public 
improvement. In addition to this, in so far as the administration was able, 
it had allotted to the inhabitants of Vico di Pantano a good portion of the 
reclaimed land, constructing for the most part a small house for each portion. 
The air was still ^^mefitic,’' to use the language of the time. This did not 
permit the peasants to sojourn in the open country. The houses were aban- 
doned (the remains may still be seen) and the portions left were reformed into 
the large estate. 

The Colony of Battipaglia, constructed almost contemporaneously as a 
place for fugitives from the earthquake of Melfi, also failed in its scope. There 
was even a greater failure also about the plain of Eboli, as every inhabited 
center made its influence felt for a considerable radius about itself. On the 
other hand, the gardens of Schito and all the valley of the Sarno succeeded in 
becoming sanitary again in a little less than half a century. Here the dominant 
factor was the most intensive Of culture, as is followed in turning the soil four 
times annually in cultivating kitchen gardens. It is all the more worth while 
to consider the swamps of Naples, from which malaria has disappeared (or 
nearly so) since each zone could be cultivated. 

Nor is there a lack of very recent examples. Let the reclamation of the 
estate of Pantanaat Castelnuovo Vallo suffice for all. Here the disappearance 
of the epidemic has kept pace with an increase in farming and with the break- 
ing up of the large estate, thanks to quininic prophylaxis. 

(e) Studies and observations (not yet edited) made on the swamps in the 
provinces of Pisa, Livorno and Lucca, which are almost entirely without 
nj^laria. Studies on Massarosa, Massachiucoli and the vicinity of Lucca, 
etc., have shown that here also the only explanation of the fact is that not one 
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square meter of soil not submerged is le^ft uncultivated. Even the water, so 
to speak, is cultivated, being used in the rice fields. 

(f) Studies and observations (not yet edited) made in France, in the vicinity 
of Paris, Sarthe (Le Mans, Bonnetable), and Normandy (Alengon, Le Fert6 
Bemardete) which have confirmed that these regions, in which malaria is not 
even more than a matter of historic record, abound in swamps and in Anoph- 
eles, However, they are under intensive agriculture in all regards. 

In other words: 

(a) A positive connection certainly exists between intensive cultivation of 
the soil and a diminution and even a disappearance of malaria. This is not 
necessarily in conjunction with a decrease in surface waters, capable of har- 
boring Anopheles larvaj. 

(b) Neither the numerical gravity of malaria (or the coefficient of morbidity) 
nor the gravity of the infections (or the coefficient of pemiciousness) is as a 
matter of fact in relation to the number of Anopheles of a certain territory. 

(c) It has been impossible as yet to find any difference between the innocuous 
Anopheles of a reclaimed zone and the harmful Anopheles of a pestiferous zone. 

(d) In the major number of cases it has been and is entirely possible to see 
that the spontaneous retrocession of malaria has been contemporaneous with 
the advance in the intensification of culture (or of the resumption of farming 
operations). This intensification was not necessarily for the entire territory 
so as to give the idea that it was due to a decrease in surface water. It was 
done on the parts free from water and therefore susceptible to culture. From 
all this the only conclusion in keeping with logic is that the remanagement of 
the soil has an unfavorable influence on the cycle mosquito — man — mosquito 
to the point of breaking its implacable continuity. This can be practically 
expressed by saying that the Anopheles of the cultivated zones become inca- 
pable of transmitting malaria. This influence must be specific even in spite 
of the fact that rare exceptions to this rule have been indicated. This may 
mean that the s[)ecific condition is not always present. 

• It may also be that such a condition may exist as the presence of a germ in 
the ground in a stage unknown to us, and which is killed by conditions of 
environment created by cultivation. We cannot claim to know all that may 
be known some day on the nature of protozoa. We should be constantly on 
our guard against asserting that we have added the pillars of Hercules to knowl- 
edge in any field of biology. From what we continually apprehend from the 
best-knowm germs (or those we believe to be best known) nothing authorizes 
us to admit it, because many other hypotheses can be made which have all 
the more reason to be, but are invalid, which are equal to the first from ever}" 
basis of experimentation or observation. 

It is very true that with this h)q>othesis of the .malarial germ in the soil, 
the autoctonal cases of malaria (occurring m 8-day periods) also would be 
explained, which not even A. Celli denies. Even the hypothesis of a hyper- 
parasite which was favored by the cultivation of the soil and which ended with 
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the destruction of the amatozoan in J,he Anopheles y the hypothesis of a relative 
immunity (absolute immunity is excluded) introduced into the Anopheles 
with the change of vegetative nutriment ofiFered them by cultivation (analogous 
to the softening effect on plants from fertilization and cultural practices) 
and many other hypotheses have an equal right to be offered. Each of these 
is as worthy of consideration as any of the others; and who knows that they are 
not all true and that they are not explanations, for the present more or less 
plausible, of the fact which no one can deny, namely, that if the soil is put 
under management again, malarial epidemy becomes attenuated and disap- 
pears? 

There is a tendency to reduce every thing to formula. The equation 
Malarial Man X Anopheles = Malarial Epidemic 
as has been said, no longer stands. The other by A. Celli 

Malarial Man X Anopheles X xijz = Malarial Epidemic 

is nothing but the expression of our ignorance, because no one has given us the 
value of the physical, biological and social factors which are represented by the 
unknown xyz. The formula proposed by the author: Where there is malaria 
there is the Anopheles that transmits ity is also destined to restate the bearings 
of the old experience which people had with malaria, a disease essentially 
autoctonal and allied with the soil. This may bear relation to the true, per- 
haps indestructible, bearings of modern science, according to which malarial 
epidemy is maintained in man only with the bite of the Anopheles, 

Moreover, science must explain exhaustively the mysterious connection 
which passes between soil and malaria, or find the true connecting links between 
the exclusively and closely parasitarian theory and the telluric theory of 
Tommaso Crudeli. 

It is convenient to ob.serve that, seduced by the bewildering exclusiveness of 
the doctrine of the malarial mosquito, we have disguised the studies of the soil as 
a malarigenic factor. It is still necessary to turn to the soil, which in its bosom 
holds the waters that harbor the Anopheles larva?. This soil in conjunction 
with the waters, forms the mud which often harbors and permits the eggs to 
hatch. Plain looking waters sustain the aquatic plants of the most various 
small forms. It has a part in determining the plankton of swampy waters and 
is always connected with the micro- and macro-fauna, with which Anopheline 
generations come continually into biological conflict. In brief, it permits the 
natural and artificial development of the plants from which 90 per cent of the 
Anopheles, which are essentially phytophagous, get their nutriment. 

Still no fact is available to furnish conclusive proof. The culture of malarial 
parasites is yet to come, notwithstanding the attempts of Bass and Johns. 
The study of swamp plants has possibly brought in only a ray of light. Celso 
Ulpiani’s report on the relation between colloids of the soil and malaria has ^ 
introduced a pleasing intimation. 

He says: 
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The formation of swamps is, according to me, a colloidal phenomenon, as is also malaria, 
which in our warm climates is always found In conjunction with the existence of swamps. 
This includes a colloidal problem. I do not know what connection may exist between malaria 
and swamps, but a connection must exist. The biological cycle of the fatal plasmodium 
must in some manner be connected with the permanence of the hydrozoa of the soil and with 
the high temperatures of the climate. Colloidal chemistry will certainly give the explanation 
for the indissoluble relation which exists among swamp malaria and warm climate. When 
floods occur in the bottom of a valley in our climates and the assiduou.s and tenacious farmer 
does not break up the colloidal deposits resulting left by floods with the plow, the spade and 
hoe, it favors the agglomer ation of these conoids If for years and years agriculture becomes 
absent, the colloids deposited on the washed and leached soil begin to obstruct the pores of 
the subsoil. They glue the particles together while with the diminishecl access of air the 
organic matter becomes humified. 7'his protecibs the organic colloids more and more from 
coagulation. Upon this soil, which, so to speak, may be said to be “varnished,” and which 
no longer takes up the water, the swamp is found with its black muddy w^aters Its mud is 
slippery and insidious and its flora useless. It has its mosciuitoes, its wandering lean animals 
and a sparse human population degraded by fe\’^er. 

This is purely a pleasant conception, but one which deserves to be taken 
into serious consideration by studious people. 

Hence the author believes that the courses to be followed by the studious 
must be new and diverse in the study of the problem. It is true that problems 
of this nature are hardly solved in a direct way. For the most part, their 
initial solution (or the first clue) is in accordance with the case. But it is also 
true that the case generally helps those who place themselves in a position to 
be helped by it. It is therefore necessary to study malarial soil in all its mani- 
festations in contrast to the now malarial soil, using both fundamental sys- 
tems of scientific study — observation and the experiment. Observation should 
include retrospective observation, that is, the history of the soil, either geo- 
logical history or that concerned with its recent vicissitudes, in other words, 
the history of its agriculture. It is true that in recent times there has been 
an outcropping of historical studies on malaria, to which A. Celli has given 
impetus. For years he collected precious material for the historic study of 
Roman malaria. He also gave an accurate and perhaps complete bibliography. 

The studies which we owe to Ronald Ross, in collaboration with C. C. Ellett, 
are entitled “Malaria, a Neglected Factor in the History of Greece and Rome.’’ 
There is also the one by Paul Roux, “The Agricultural Question in Italy.’' 
Studies by Dr. E, Genovese on Calabrian malaria, “The Roman Estate,’* are 
also worthy of note, and perhaps those made by this station concerning the 
places improved, which have been reviewed, are not to be neglected. Even in 
other times the historic study of malaria was overshadowed. Memoirs con- 
tained in the first and only volume on the “Annals of Improvements,” pub- 
lished through the care of John Savarese, are entitled to honor. The same 
may be said above all of that by the Canon, John Scherillo, entitled “On 
the Air of Baia at the Time of the Romans.” 

But chiefly, the most neglected reports in these studies are of course those 
interceding between malaria and agriculture, not only that which reflects 
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'^rural economy/^ but also, and above all, ‘‘agricultural technique/’ The 
study of the latter is notoriously difficult and actually always incomplete. 
If, as a matter of fact, we know little about Roman agriculture, notwithstand- 
ing the works of Cato, Varro, Virgil, Pliny, Columella, etc., we know less about 
Grecian agriculture. We know almost nothing about Mediaeval agriculture, 
wherein ever tl\e sources to draw on are lacking. Books and the history of 
modern agriculture also are lacking. 

And yet it may be absolutely necessary to be familiar.with this history as to 
“agricultural ground and malaria” in order to obtain information therefrom 
in our day on tlie manner of conducting agricultural improvements. It tells 
us how much to expect and to count on with regard to the above in order to 
arrive at the definitive hygienic resanitation against malarial plagues. As to 
experimentation, it can be and should be carried out in various ways, and, 
moreover, with more than the ordinary laboratory researches; more properly, 

(a) By setting up experiments ad hoc in which it shall be possible to reproduce 
the natural conditions exactly. 

(b) With experimental demonstration camps true and proper. 

(c) With adequate collections, in which the studious person with his talent 
shall be able to find as much about the subject as the research of the moment 
warrants. 

The station, under the author’s direction, which has been occupied with the 
study of reports on malaria and agriculture for 17 years, is conscious of the 
very numerous reports which exist but are not known in the field just men- 
tioned. It is conscious of the difficulties and the relative necessity of their 
solution. It believed it to be well to confront the problems directly, studying 
also the swamp plants, the plankton of the swamps, the reports of the Edaphon 
with the problem on malarial soils in connection with the colloidal state and 
the prevalence of malaria in the territory. For this purpose a collection of 
material has been created necessary according to the consideration which 
we have mentioned. In fact, the station has a number of enactments for the 
production of artificial swamps more or less extensive, ground held under 
open pasture and pastures with rhyzomacious plants, ponds with water-proof 
bottoms, both elevated and sunken, also ponds with water-proof sides and 
porous bottoms, an experimental aquarium, etc. In addition to this, it is 
providing itself with special equipment without forgetting the proper collec- 
tions, and above all, collections of soil from swampy and malarial places. 
It is providing itself with special products of the swamps, a small collection 
but very interesting, and destined to complete the studies on the Edaphon 
and the plankton in conjunction with malaria. It is the author’s intention to 
publish a catalog which is now in the course of compilation. This is for the 
use of persons making studies in this field, with the purpose of increasing col- 
lectioTis by means of exchanges and communications. 

All the collections mentioned are catalogued. The author hopes that at the 
end of the war he may be permitted to place his equipment and collection at the 
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disposal of investigators who may wish to collaborate with him for the extinc- 
tion of one of the most burning plagues of all humanity, the dreaded malarial 
infection. 
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By the earlier investigators the inversion of cane sugar was believed to be 
catalyzed by hydrogen ions and by no other non-organized substance. (In- 
version by enzymes will not be considered in this paper.) Ostwald (67), 
Arrhenius (9), Palmaer (69), Ley (52), and others believed so implicitly that 
inversion could not be produced in any other way that, whenever discrep- 
ancies appeared in their results, they were attributed to side reactions taking 
place, or to physical disturbances in the system.^ Thus were hydrogen ions 
detected, and hydrogen-ion concentration determined — by measuring the 
rate of inversion of sucrose (95). The majority of chemists today believe as 
did those earlier workers, though some would modify the hypothesis to in- 
clude undissociated hydrogen as also having catalytic action in some cases.^ 

From time to time phenomena have been recorded which at first sight 
appeared to be instances of inversion where acid hydrogen was not present. 
But in these cases it w'as never conclusively proven that acid hydrogen was 
not present either at the start, or formed later through the decomposition of 
the sugar itself. Cane sugar is quite easily decomposed, and among the prod- 
ucts of decomposition, substances of an acid character seem to predominate. 
Thus often conditions may be such that although no acid is present at the 
beginning of an experiment, it may later be formed, inversion then taking 
place (10, 99). Such cases are recognized by determining at intervals the 
amount of sugar inverted, when it is found that as time goes on, the sugar is 
inverted at a greater and greater rate. On the other hand, if the action w^ere 
due only to acid present at the beginning, then the rate of inversion must 
fall off as the reaction proceeds, since according to the mass law, the amount 
of sugar acted upon at a given time must depend upon the amount present at 
that time to be acted upon. Rayman and Sulc and others (49, 76, 85) have 
found that pure water causes inversion at high temperatures; the rate is low 
at first but as thd heating continues it becomes greater. The initial inversion 
is attributed to that slight quantity of hydrogen ion always present in water, and 
the increase in rate, to acid produced through the decomposition of the sugar. 

^ Hence arose the ideas of * ‘active’^ and “inactive^^ sugar molecules, stimulation of the 
catalytic activity of hydrogen ions, increased rate of movement of hydrogen ions, internal 
friction in solutions, increase in the osmotic pressure of the sugar in solution, and so on. 

• Acree (4) and Snethlage (86) believe that in the case of the stronger acids undissociated 
acid hydrogen is even more active in causing inversion of sugar than hydrogen ion. See 
also Lamble and Lewis (50) and Harned (39). 
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Inversion by metals and metallic powders has been observed by Rayman 
and Sulc (76), Lindet (53), and Plzak and Husek (73), but again we must 
conclude that the sugar is first decomposed, and it is the products of this de- 
composition that are effective (99). Inversion by sunlight (75), the electric 
current (66), ultraviolet light (15, 29), and radium (46) are to be explained 
in the same way. 

The action of salts on sucrose has been carefully studied. As should be 
expected, if a salt hydrolyses in solution with the formation of acid hydrogen, 
then inversion must take place. Such has been found to be the case with 
cadmium, zinc, lead and aluminum nitrates (101), manganese, zinc, iron and 
aluminum sulfates, iron, manganese, lead, cadmium, and mercuric chlorides 
(57), chromium sulfate (103), aluminum and copper chlorides, cadmium, cop- 
per and nickel sulfates (45). Salts of bases with acids of equal strength, or of 
strong bases with weak acids, do not invert.® 

Geerligs (33) made the interesting observation that while invert sugar 
exhibited no action on sucrose when alone and neither did such neutral salts 
as the chlorides of potassium, sodium, lithium, calcium, strontium, barium 
and magnesium, yet if invert sugar was present in solution together with any 
of these salts, hydrolysis of the sucrose did take place. It was explained by 
postulating that through hydrolysis of the salt, and a combination of the 
basic part with the monose sugar, the acid was left free to exert the char- 
acteristic inverting effect. The following equation was given to explain this: 

MA + HOH + CeHwOc - MOH CeH,206 HA 

salt water glucose basic glucose compound ionized acid 

Contradictory results, however, were obtained by Deerr (28). 

The literature on the subject of sucrose inversion is voluminous, but it has 
never been proven that this reaction can be effected in any other chemical 
way than through the presence of acid. 

INVERSION OF CANE SUGAR BY SOILS 

That soils will cause inversion of cane sugar has already been shown by 
Tacke and Siichting (94), and by Hanley (37). It seemed to these investi- 
gators that organic matter was the principal factor in producing the effect. 
The following experiments will show, however, that inversion must be attrib- 
uted in large measure to the mineral portion as well. 

Experiment 1 

Here recorded are a number of soils of all tjq^es, which have significant 
inverting action. 

To SO cc. of a 5 per cent cane sugar solution 5 gm. of soil were added. The 
mixture was heated 1 J hours on a water bath at a temperature of 83® to 85®C. 

* The action of some neutral salts in increasing the Inverting power of strong acids has 
been of considerable interest, but will not be taken up here. See especially Spohr (89), also 
Acfee«(4) and Snethlage (86), and many others. 
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The quantity of invert sugar was determined in an aliquot of the filtrate by* 
Cole’s method (25), and reported in terms of grams of sucrose inverted. In 
another portion of the filtrate, the hydrogen-ion concentration was determined 
by the colorimetric method perfected by Sorensen (88, 102). The results for 
hydrogen-ion concentration are given in the same terms as used by Sorensen : 
P(//), as the logarithm (base 10) of the normality with respect to hydrogen 
ions, the minus sign being understood. For instance, a P{H) of 6.1 refers to a 
hydrogen-ion concentration of 10“®*^ normal. Soils are arranged in order of 
decreasing powers of inversion: 


SOIL 

SUGAR INVERTED PER 

50 CC. 

P(H) 

Japanese, 14 

gram 

0 6179 

7.07 

Japanese, 11 

0.1850 

6.98 

Japanese, 13 

0 1360 

7.08 

Japanese, 10 

0 1248 

7.13 

Japanese, 8 

0.1197 

7.14 

New York, P2 

0 1132 

7.08 

New York, 00 

0 1054 

7.07 

New York, Turkey Hill, 0 

0 0986 

7.08 

New York, 720 

0 0980 

7.08 

New York, 729 

0 0935 

7.08 

Jap>anese, 5 

0.0890 

6.98 

Japanese, 7 

0.0872 

7.08 

New York, 16207 

0.0852 

7.13 

Japanese, 6 

0.0811 

6.98 

New York, Dutchess Silt Loam, Orange Co., 1 

0.0722 

7.06 

New York, P3 

0.0680 

7.14 

New York, 1691 

0.0644 

7.06 

New York, 1 

0.0554 

7.06 

New York, Roberts 1 

0.0545 

7.14 

New York, 724 

0.0510 

7.14 

New York, Vergennes Clay, Washington County. . . 

0 0510 

6.98 

New York, Dutchess Silt Loam, 2 

0.0482 

6 98 

New York, Cornell Wood Lot 

0.0476 

7.09 

Japanese, 4 

0.0476 

7.13 

New York, “Alfalfa’^ 

! 0.0452 

7.15 

New York, 2109 

0.0456 

7.14 

New York, 732 

0.0442 

7.14 

New York, Vergennes Clay, Jefferson County 

1 0.0421 

7.14 

New York, “Potato” 

0.0380 

7.08 

New York, Turkey Hill, V 

0.0300 

7.14 

New York, Ontario Loam, Oneida County 

0 0244 

7.14 

New York, PI 

0.0228 

7.14 

New York, Ontario Loam, Monroe County 

0.0210 

7.14 

New York, 1613 

0.0224 

7.14 

New York, 11 

0.0182 

7.14 

New York, 6 (alkaline) 

0.0000 

7.35 

Mudc,1713 

0.0277 


Muck, 1712 

[ 0.02S2 


Muck, 175 

0.0210 


Muck, 1711 

0.0193 
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A solution of sugar made up to 5 per cent such as was used in this experi- 
ment^ was found to contain 0.0026 gm. of invert sugar per 50 cc., and to have 
P(H) of 7.07. The same solution heated for 3 hours under the conditions 
observed above, was then found to have 0.0036 gm. of invert sugar per SO cc., 
and P(H) of 7.06. It has already been mentioned that water had been found 
by others to have some decomposing action on sucrose; however, it is seen, 
that under the conditions of these experiments, this action is so small that it 
may be generally neglected. As a further precaution, water extracts of several 
soils were titrated as in Coleys procedure, to find whether or not some of the 
reducing power might be due to something dissolved from the soils: the mucks 
were found to yield slightly reducing extracts, but the mineral soils showed 
either none at all or very little, indeed. This factor may also be neglected, 
except, perhaps, where the total inversion is found to be exceedingly slight. 

THE CHARACTER OF THE SOIL EXTRACTS 

Bearing in mind that a solution of absolute neutrality has a hydrogen-ion 
concentration of 10 ~lo 7 normal, it may be seen from the above experiment 
that soils can exhibit significant inverting power while their sugar extracts 
are only slightly acid, and in most cases neutral or alkaline. This would 
seem to indicate that inversion is principally a property of the solid phase — 
that there cannot be enough acid in solution to account for all. However, 
attention was given to the possibility of catalytic action being due to something 
in the solution phase. 

In considering this possibility, there are two conditions under which it 
might be found to hold. First, there may be some water-soluble acid in these 
soils. (Hanley found frequently that the w^ater extracts of his soils had in- 
verting power.) Second, there may be some soil acids that are not soluble in 
water, yet are .soluble in cane sugar solution. (There are many known cases 
of substances being more soluble in sugar .solution than in water (lOO).) 

If water-soluble acid is present in the soils, then water extracts should 
exhibit inverting action. 


Experiment 2 

Ten-gram portions of some of the most acid New York soils were extracted 
with SO cc. of distilled water, allowing the water to stand in contact for 3 
hours at *83® to 85®C. To 25 cc. of the filtrate was added 25 cc. of 10 per cent 
cane sugar solution, an<J then heated for 3 hours as usual. The amoimt of 
sugar inverted is recorded, together with the amount of sugar inverted by the 
same soil in mass in hours (taken from Experiment 1). These results are 
corrected for the amount of invert sugar present in the cane sugar itself, and 
in $ome by a small figure representing the reducing power of the water 
^tracts of the soils. 
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SOIL 

8UOAIL INVERTED BY 
WATER EXTRACT VROM 

5 OU. or SOIL 

SUGAR INVERTED BY SOIL 
ITSELF (see experi- 
ment 1) 

P2 

gram 

0.0009 

gram 

0.1132 

Turkey Hill, 0 

d.0026 

0.0986 

’ 

0 

0.0680 

724 

0.0014 

0.0510 

PI 

0.0055 

0.0228 

Muck, 1713 

0 

0.0277 

Muck, 1711 

0 

0.0193 



It is seen that water extracts from only a few of the most acid soils have any 
inverting power, and that insignificant when compared with the power of the 
soil itself. This is in agreement with conclusions usually drawn concerning 
the reaction of water extracts of soils. It is probably only where air and water 
movement in a particular soil are restricted, or under other peculiar conditions, 
that water-soluble acids can form and accumulate (31). But on the other 
hand, water extracts of the most acid soils, when boiled to remove carbon 
dioxide, have been usually found to be alkaline (22, 63, 97). As will be re- 
ferred to again later, the use of the hydrogen electrode in determining hydro- 
gen-ion concentrations of soil su.spensions seems, at first sight, to yield con- 
tradictory results, but it must be remembered that these measurements have 
been made upon suspensions and extracts in the cold and containing carbon 
dioxide in considerable quantities. This is an acid, and cannot but have some 
influence upon the hydrogen electrode, yet cannot be said to be an undesirable 
constituent of soil systems. At the temperatures used in digestions with 
cane sugar, carbon dioxide would be driven off, and could not tlierefore be a 
factor in the inversion reaction. 

Consideration of the second possibility led to the following expeiiment. 

ExperimetU 3 

Five-gram portions of two moderately acid New York soils were heated with 
SO cc. of a 10 per cent cane sugar solution at 83® to 8S®C. After 2 hours the 
soil was filtered away, and the amount of sugar that had been inverted de- 
termined in aliquots of the filtrates: Soil A, 0.0369 gm. per 50 cc. ; Soil B, 0.0563 
gm. The remainder of the filtrates were further heated for 12 hours and the 
invert sugar again determined: A, 0.0377; B, 0.0546. Other digestions were 
prepared with identical conditions except that the soils remained in contact 
with the solutions for the entire 2 hours; the amount of sugar inverted by Soil 
A was 0.0561 gm., and by B, 0.0848 gm. 

These results show that no continued inversion took place in the sugar 
extract after the soil was removed, therefore there could not have been any 
add extracted. Yet when the soil was in contact with the solution the whole 
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time much more invert sugar was produced, indicating again that the active 
agency remained with the soil mass. 


ACTIVITY DUE TO THE SOLID PHASE 

Experiment 4, A study of the amount of inversion produced by varying quantities 

of the same soil 

All sugar solutions were prepared containing 10 per cent of cane sugar. To 
50-cc. portions, different quantities of soil were added as indicated. The 
time of digestions was hours, and the temperature was kept at 83® to 85®C. 
Results are given in grams of sugar inverted in the 50 cc. : 


Aiiouirr OP SOIL 

SOIL Pi 

SOIL Pi 

SOIL 724 

APOBO 

Invert sugar 

P(H) 

Invert sugar 

P(H) 

Invert sugar 

P (H) 

grams 

1 

gram 

0 0107 

7.07 

gram 

0.0340 

7.07 

gram 

0 0342 

6.98 

2 

0.0159 

7 07 

0 0680 

7.07 

0 0653 

6.98 

4 

0 0188 

1.09 

0.0816 

7 07 

0.0673 

6.98 

8 

0 0367 

7.07 

0 1088 

7.07 

0.1061 

6.98 

16 

0 0612 

7.07 

0.1061 

7.07 

[ 0 1115 

6.98 

32 

0.1295 


0.1134 

7.07 

0.1360 

6.98 


According to the hypothesis of Guldberg and Waage (65), ^‘the active masses 
of solid bodies which participate in a chemical equilibrium are constant. 
It should be specified, however, that this applies where the activity of the 
solid is due only to that part which passes into solution. For, if there is pres- 
ent a saturated solution, its concentration must, of course, be independent of 
the amount of solid present over and above that necessary to produce it. If 
the soluble part only enters into the reaction, then, barring secondary effects, 
the action will be the same whether the amount of solid present be much or 
little. But, on the other hand, if the solid phase is active in the reaction, then, 
the extent to which such a reaction proceeds will depend upon the amount of 
that solid present. If soils are considered as containing very slightly soluble 
acids, then the quantity of acid in solution will not be different whether 1 or 
32 gm. of soil stand in contact with a given amount of water, and therefore 
there .should be the same amount of inversion by soils whether 1 or 32 gm. 
are used. The above results show that this is not the state of affairs i)ut 
that the amount of inversion depends upon the amount of so l present The 
only interpretation that can be made, then, is that the solid phase itself is the 
active factor in inverting cane sugar, and not the solution phase of some 
highly insoluble acid. 

"While the quantity of sugar inverted depends upon the amount of soil 
present in contact with the solution, it is noted that the hydrogen-ion con- 
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centration of the extracts is independent of this ratio — remaining the same 
whether 1 or 32 gm. of soil stand in contact with 50 cc. of solution. Similarly, 
Sharp and Hoagland (83) found ‘‘comparatively insignificant changes in the 
H-ion concentrations when- widely varying proportions of water to soil are 
used.^^ These facts bring out very strikingly that that acidity which is bound 
up with the soil mass is independent of the character of the solution standing 
in apparent equilibrium, and that such acidity cannot be measured by deter- 
mining the hydrogen-ion concentration of the solution in contact with that soil. 

Experiment 5 

If the active agency in the inversion of cane sugar is the soil particles them- 
selves, then the reaction must take place at the surface of the particles only. 
In such a case the rate of inversion would depend upon the rapidity with which 
the inverted sugar diffused away from this region, and with which the sugar 
unacted upon diffused toward it (64). It was thought that shaking might 
hasten the inversion, therefore, by causing the soil surfaces to come in contact 
with fresh solution oftener than would happen if the mixture were allowed to 
stand quietly. As the digestions in this experiment took place at room tem- 
perature, but little total inversion was found; however, the amount of invert 
sugar produced is seen to be very much greater where the samples were shaken : 


SOIL NUICBER 

STANDING 24 HOURS 

SHAKING 9 HOUR.S; STANDING 16 
HOURS 


gram 

gram 

1 

0 0085 

0.0238 

2 

0.0085 

0.0293 

6 

0.0031 

0 0146 

9 

0.0097 

0.0287 


Experiment 6 

Here an attempt is made to lessen the inverting power of soil by repeated 
extractions with water and with sugar solution. Five-gram portions of soils 
were heated on a water bath for 2 weeks with (a) water, and (b) 5 per cent sugar 
solution. Every day the supernatant liquid was poured off and replaced with 
fresh. Finally, the inverting powers of the residues were determined, and 
compared with that of the same soils untreated: Soil 2 untreated, 0.2744 gm. 
sugar inverted; same extracted with water, 0.1945 gm.; same extracted with 
sugar solution, 0.1400 gm. Soil 9 untreated, 0.1689 gm.; same extracted 
with water, 0.1066 gm.; same extracted with sugar solution, 0.0S66. Soil 12 
untreated, 0.1215 gm,; same extracted with water, 0.0955 gm.; same extracted 
witli sugar solution, 0.0982 gm. Soil 15 untreated, 0. 1360 gm. ; same extracted 
with water, 0.0867 gm.; same extracted with sugar solution 0.0870 gm. 

In this as well as in other experiments, where long continued extraction of 
soil has been employed, it has never been found that the inverting powei can 
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be reduced to zero, though as is seen, in some cases a very insignificant reduc- 
tion can be effected. During the long continued extraction treatments at 
high temperatures, it is probable that many changer are taking place at the 
surface of the soil particles, and tliat the loss in inverting power is due more to 
this than to a dissolving away of the soil acid. 

In the above experiments, many cases are found where inversion by a soil 
took place, and at the same time the extract was alkaline, Le., P(n) le.ss than 
7.07. This may seem strang^ — that there should be solution of free base, 
yet the .soil stajiding in contact with this solution and presumably in equilibrium 
with it, should behave as an acid. The following experiment shows this even 
more strikingly. 

Experiment 7 

Five-gram portions of acid soils were treated with 0, 5, 10, 15, 20 cc., respec- 
tively, of saturated lime water, evaporated to dryness, and the inverting power 
of the residues tested, by digesting under the usual conditions with 50 cc. of 
5 per cent sugar solution. The amount of the sugar inverted and also the 
hydrogen-ion concentration of the extracts are recorded : 


SOIL 

LIICE WATER ADDED 

SUGAR INVERTED 

P(H) 


CC. ! 

gram 




0 


6.90 



5 


7.24 

Kara ^ 


10 

mBM 

7.50 



IS 

0.0060 ^ 

7.85 



20 

0.0038 1 

1 

8.30 



0 

0.2928 

6.98 



5 

0.1557 

7.05 

Kttbiki ^ 


10 

0.0890 

7.25 



15 

0.0840 

7.25 



20 

1 

0.0340 

7.35 



0 

0.3972 

6.90 



5 

0.1998 

6.95 

Yamaguchi ^ 


10 

0.0869 

6.96 



15 

0,0393 

7.25 



20 

0.0033 

8.04 



0 

0.0668 

6.98 



5 

0.0150 

7.35 

Matsuyama 


10 

0.0075 

7.50 



15 

0,0069 

7.65 



25 

0.0018 

8.30 


Here it is shown again that a soil may be in equilibrium with an alkaline 
sdihtion and still exhibit marked acid properties, such as inverting action on 
aucitme* 
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Thus far it has been definitely established that inversion by soil is due al- 
most entirely to something intimately bound up with the solid particles them- 
selves, and in very small measure indeed, to anything passing into solution; 

The next experiments were prepared with the idea of testing the action on 
sugar, of substances, the composition or condition of which is understood, 
that it might be reasoned by analogy to what the inverting power of soils is due. 

INVERSION BY OTHER SOLID* SUBSTANCES 

Experiment S 


A large number of insoluble substances were tested for their activity on cane 
sugar. The strength of the sugar solution was 10 per cent, SO cc. being used, 
and the temperature of digestion was 83® to 85®C. : 


MATERIAL 

AMOUNT USED 

DURATION OF 
DIGESTION 

SUGAR INVERTED 


trams 

hours 

gram 

Alumnia (Kahlbaum) 

5.0 

3 

0 

Silicic Anhydride (Kahlbaum) 

5.0 

3 

0 

Filter paper 

0.5 

2 

0 

Cotton * 

3.0 

2 

0 

Asbestos 

2.0 

3 

0 

Sulphur 

5 

2 

0 

Fuller’s earth A 

5 

3 

0 

Fuller’s earth B 

5 

3 

0 

Pumice stone 

5 

3 

0 

Charcoal 

5 

2 

0 

Bone black 

5 

2 

0 

Potter’s clay 

5 


0 

Dicalcium phosphate 

5 

1 

0.0622 

Stearic Acid 

5 

2 

0.0886 

Casein 

5 

3 

0.0425 

Tannic acid 

5 

3 

2.2356 

Kaolin A..; 

5 

3 

0.0358 

Kaolin B 

5 

3 

0.3060 

Colloidal silicic acid* 

25 cc. 

3 


Humic addf 

Barium sulfate (a)} 

Barium sulfate (b)| 

1 

3 

0.4713 

0 

0.2055 


* Prepared by acidifying a solution of water-glass with hydrochloric acid and carefully 
dialyzing until all chloride was removed. 

t ^*Humic acid/’ also casein, were washed until apparently free from soluble add. 
t Barium sulfate (a) was precipitated in the presence of hydrochloric acid and washed until 
apparently free from chlorides. Barium sulfate (b), was precipitated in a neutral solution. 
Equal quantities of (a) and (b) were used. 

Some rather unexpected results were here obtained. Fuller's earth, which 
has often been put forward as having characteristics similar to acid soils (63), 
likewise cotton (21) and charcoal (22), did not invert, neither did Kahlbaum’s 
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silidc anhydridcj though it will be shown later that in the latter case action 
may have been prevented by impurities. Dicalcium phosphate inverts, 
though the dibasic alkali phosphates do not. There was probably a decom- 
position of the dibasic calcium phosphate with the formation of some mono- 
calcium phosphate which caused the inversion.^ 

If it is true that inversion is caused only by acid, then casein, tannic acid, 
colloidal silicic acid and humus must be themselves acids or must contain 
adsorbed acids. The behaviof of barium sulfate would point to the latter 
possibility. 

This led to the study of the action of materials containing adsorbed acids, 
and experimentation was made in many ways. It was often found that after 
solid materials had stood in contact with acid solutions, then washed until 
the washings no longer gaVe tests for the acid and showed hydrogen-ion con- 
centration to be the same as that of pure water, they still had a strong in- 
verting action on cane sugar. The following is an example of many such 
experiments performed, all of which will not be recorded here. 

Experiment 9 

Aluminum oxide was allowed to stand in contact with dilute hydrochloric 
acid solution; barium sulfate was precipitated in presence of an exefess of hydro- 
chloric acid, and lead sulfate in presence of sulfuric acid. All were washed 
with water and with cane sugar solution until the washings gave no tests for 
chlorides or sulfates. Action on sucrose was then tested for in the usual 
manner. Aluminum oxide inverted 0.0128 gm. of sugar, the extract giving 
a hydrogen-ion concentration of 7.24; barium sulfate, 0.0106-7.10; lead sulfate 
0.0442-7.10. 

Similar experiments with charcoal showed that the acid was more easily 
washed out, and by the time the washings became just neutral, it had no 
inverting action. Attempts to show that carbon dioxide adsorbed on charcoal, 
barium sulfate, lead sulfate and sulfur coiJd invert sucrose gave negative results. 
These materials were suspended in water and carbon dioxide gas passed for a 
long time, but the materials thus treated would not invert. Such behavior 
was not anticipated, since under other conditions carbon dioxide has been 
found to have inverting power (2). 

The above results show that solid materials can so bind soluble acids that 
they may not be removed with water, in any measurable degree, but still will 
invert cane sugar when allowed to comie in contact with that solution. 

ACTION OF THE ELECTRIC CURRENT IN DECOMPOSING SUBSTANCES IN SUSPENSION 

If any slightly soluble salt such as tricalcium phosphate or barium sulfate 
is pjaced in the lower part of a U-tube, covered with water, and direct current 

^ la connection see Joly and Sorel (43). 



INVERSION OF CANE SUGAR BY SOILS 


343 


passed by immersing electrodes in the upper arms of the U-tube, it will be 
found that the salts are rapidly decomposed, the base moving to the cathode, 
and the acid in the opposite direction. 

Such action of the current on silicates was observed by Brongniart and 
Malaguti in 1843 (20). Similar experiments on soils were performed by Konig, 
Hasenbaumer and Hassler (48), who believed that adsorbed elements, especially 
bases, were forced from their combination with the soil complex in this way. 
However, there seems never to have been made" a study of the silicate residue 
after such treatment. In the following experiment a number of soils and allied 
substances were extracted with an electric current, and the behavior of the 
residues tested. 

Experiment 10 

The materials to be studied were placed in U-tubes, the arms sometimes being 
filled halfway. The tubes were filled with water and electrodes from a 110- 
volt direct current allowed to dip just under the water. From time to time 
the water was removed from both arms and replaced with fresh. Solutions 
from the cathode compartment were always found to be alkaline to phenol- 
phthalein and that from the anode side sometimes, but not always, acid to 
neutral red. After the current had passed for a long time and the water had 
been replaced a number of times, it was found that less and less base was 
forced into the cathode side. Tests of the activity of the residues upon sugar 
were made, and compared wth the action of a similar amount of untreated 
material; P(H) of the sugar extracts are also recorded in the following table. 

The results show that silicates can be rendered active on cane sugar by the 
action of the electric current, when the original substance had no such action. 

In every case the solution in the cathode compartment became alkaline 
rapidly and strongly; acid could sometimes be detected in the anode side but 
was never so marked as the alkalinity of the cathode compartment. This 
splitting off of base together with the increase in acidity of the residue, would 
point to a breaking up of the silicate, silicic acid remaining behind in the 
residue, to which would be attributed its inverting power. On the other 
hand, there is the possibility that impurities might be present, such as chlorides, 
sulfates and phosphates, which were decomposed by the current — the bases 
passing into solution while the acid was adsorbed by the silicate complex. 
One would then attribute the inverting power of the residue to this adsorbed 
acid. As is seen from previous experiments, adsorbed acids do very readily 
invert cane sugar, and if such an adsorption of acid had taken place, this 
would be sure to follow. However, many investigators have shown that the 
silicate complex xmiversally adsorbs base in preference to acid, so that there is 
the greatest reason for believing that if, for instance, tricalcium phosphate were 
present and decomposed by the action of the current — if the calcium were not 
adsorbed by the silicate, then neither would be the acid. This leaves the other 
alternative — that in the silicate residue insoluble silicic acid is left, after the 
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base with which it was in combination is driven out by the current, and it is 
this silicic acid which catalyzes the reaction of cane sugar inversbn. 

In an attempt to prepare silicic acid in such a manner as to preclude the 
possibility of any other acid being present, the following experiment was car- 
ried out. Starting with Kahlbaum’s ‘^silicic anhydride,” which is seen to be 
impure, for a large amount of base may be extracted by the current, a quantity 
was boiled with concentrated nitric acid, filtered, and washed with water. 


MATERIAL AMO TREATMENT 

SUGAR INVERTED 
PER 50 CC. 

P(H) 

Soil 12, original 

gram 

0.1698 

7.09 

Same, extracted 3 days 

0.1954 

7.09 

Soil 10, original 

0.1644 

7.09 

Same, extracted 3 days 

0.3306 

7.08 

Soil 11, oxigidkl 

0.1884 

7.09 

Same, extracted 3 days 

0.4094 

7.09 

Soil 13, original 

0.1810 

7.09 

Same, extracted 3 days 

0.2611 

7.09 

Orthoclase, original 

0 

7.27 

Same, extracted 6 days 

0.0320 

7.14 

Same, extracted 30 days 

0.1040 

7.09 

Appophyllite, original 

0 

7.35 

Same, extracted 6 days 

0.0090 

7.16 

Same, extracted 30 days 

0.0300 

7.14 

Albite, original 

0 

7.28 

Same, extracted 6 days 

0.0168 

7.14 

Same, extracted 30 days 

0.0334 

7.14 

Olivine, original 

0 

7.24 

Same, extracted 6 days 

0.0050 

7.16 

Fluoridin, original 

0 

7.86 

Same, extracted 3 days 

0.0220 

7.14 

Water-glass very dilute, original 

0 

alkaline 

Same, extracted until free from base 

0.0300 

7.07 

Fuller’s earth, original 

0 

7.76 

Same, extracted 3 days 

0.0140 

7.14 

Kahlbaum * ^silicic anhydride,” original 

0 

7.14 

Same, extracted 3 days 

0.5375 

7.07 



A portion of this was tested by extracting with the current to find whether or 
not all base had been removed. The acid treatment was repeated as well as 
the testing until all base had been removed. The material was then dried and 
ignited until it showed no inverting action on cane sugar. (At this point there 
must have been pure silicic oxide free from base or any acid substance.) This 
was suspended in dilute sodium hydroxide in a beaker, the electrodes allowed 
to dip in the solution, and the current passed. By this treatment, it was 
hoped th^t some of the silicic oxide would be changed to sodium silicate. 
After several days of this treatment, the whole was transferred to a U-tube 
and file base removed by action of the current as already described. Hie 
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residue was then found to invert cane sugar very strongly, the extract showing 
a neutral reaction. That it is possibly to have an insoluble silicic acid which 
inverts cane sugar is proven, and it must be concluded from the above con- 
siderations, that the presence of such in acid soils is a strong possibility. 

Many attempts were made to prepare an ‘‘aluminic acid” in the same way, 
but without success. Such a substance, if it exists, does not invert cane sugar, 
and cannot be a factor in the inverting action of soils. 

HYDROUS OXIDES ON CANE SUGAR 

Lindet explained the inverting power of some metals as probably being due 
to the formation of hydrous oxides, which in some way liberated acid hydrogen. 
Copper, lead, tin, bismuth, aluminum and antimony were thus believed by 
him to cause inversion. 

Hydrous oxides of lead, copper, bismuth, alumium, zinc and iron have been 
prepared, unusual precautions being observed to preclude the possibility of 
having impurities of adsorbed acid or base present. None has been found to 
have inverting power. Oxides of iron and aluminum in soils, therefore, cannot 
be factors in catalyzing this reaction. 

INVERSION AND SELECTIVE ADSORPTION 

There are many examples in colloid chemistry of solid materials selectively 
adsorbing or removing from solution either the base or the acid part of a neutral 
salt, leaving the other in solution. This is explained, by postulating that the 
salt reacts with water in a greater or lesser degree, depending upon the 
‘^strength” of its constituents, forming basic hydroxide and free acid. Of 
course, there is always the tendency for these to unite again and the reaction 
to go in the opposite direction. Allowing M R to represent a salt in solution, 
the reaction would be: 

MR + HOHi=±MOH + HR 

Solid materials in contact with liquids are thought to bear electric charges 
at their surfaces. If the solid is negatively charged it will adsorb from salt 
solution the basic hydroxide, if positively charged, the acid will be removed. 
The supernatant liquid in the former case would be acid, and in the latter, 
alkaline. The removal of either base or acid would allow more salt to hydro- 
lyze, and this action would continue until such high concentrations of acid or 
base had accumulated that further action would be prevented. Soils, and in 
fact, most solids, in contact with water bear negative charges. If they are 
allowed to stand in contact with neutral salts, the base is removed, and the 
acid accumulates in the supernatant liquid. 

In systems where this absorbing effect is strong, the acid may be easily 
tested for by means of indicators, but where it is very slight and indicators 
fail, the inversion test should furnish a means for detecting the acid. 
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Experiment 11 

To 50-cc. portions of a 10 per cent cane sugar solution, containing also 7 
per cent of potassium chloride, were added various substances In amounts 
indicated, and digestions allowed to proceed at 83° to 8S°C. for 3 hours. Simi- 
lar digestions were prepared except that no potassium chloride was present. 
The amount of sugar inverted per 50 cc. is recorded: 


* 

SOLID PHASE 

AMOUNT 

SUGAR in- 
verted; KCl 

NOT PRESENT 

SUGAR in- 
verted; KCl 

PRESENT 

Cotton 

ffratnf 

2 

gram 

0 

grams 

0.0226 

Sugar charcoal 

5 

0 

0.0173 

Filter paper 

1 

0 

0.0302 

Sulfur 

5 

0 

0.0444 

Asbestos 

2 

0 

0.0943 

Silicic anhydride 

5 

0 

0.0948 

Fuller’s earth, no. 1 

5 

0 

0.0475 

Fuller’s earth, no. 2 

5 

0 

0 

Kaolin, no. 1 

5 

0.0358 

0.1574 

Kaolin, no. 2 

5 

0.3060 

0.9180 

Casein 

5 

0.0425 

0.2599 

Humic acid 

5 

0.4713 

0.8954 

Colloidal silicic acid 

25 cc. 

0.0792 

1.1782 


These results show how it is possible to have inversion take place through the 
acid resulting after the selective adsorption by negatively-charged insoluble 
substances of the basic part of the neutral salt. In the following experiment 
a much lower concentration of salt is used, and the action of soils is recorded. 


Experiment 12 

Five grams of soil were added to 50-cc. portions of a 5 per cent cane sugar 
solution containing also 30 parts per million of potassium chloride. Di- 
gestions took place at 83° to 85°C. for hours. At the same time checks were 
run with no potassium chloride present. Results are given in grams of sugar 
inverted per SO cc. : 


SOIL NUMBER 

SUGAR inverted; KCl NOT PRESENT 

SUGAR inverted; KCl PREsiirr 


gram 

gram 

1 

0.2040 

0.2414 

8 

0.1020 

0.1326 

9 

0.0884 

0.1210 

10 

0.1054 

0.1414 


In a simflar manner, digestions were run in which 0.07 per cent of calcium 
iuli^te was used instead of potassium chloride: 
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SOIL mrilBER 

SUGAR inverted; CaSOi not present 

SUGAR inverted; CaSOi present 


gram 

gram 

^ 1 

0.2040 

0.2528 

8 

0.1020 

0.1700 

9 

0.0884 

0.1326 

10 

0.1054 

0.1516 


The effect of the addition of 0.1 per cent of tricalcium phosphate was tested 
similarly. Soil A with no addition inverted 0.040,5 gm. of cane sugar, with 
tricalcium phosphate added, 0.0450 gm.; soil B, similarly, 0.0485 and 0.0589 gm. 

Soils in contact with weak solutions of potassium chloride, calcium sulfate, 
or with tricalcium phosphate present, exhibit considerably greater inverting 
power than when alone, showing again a selective adsorption of base. Salts 
in such concentrations as these may always be found in soil solutions. It 
should be concluded, therefore, that inversion of cane sugar by soils may be 
due in part to the acid set free after the selective adsorption by the soil of base 
from any neutral salt that might be present. 

It is entirely probable that a part of that acidity obtained by the hydrogen 
electrode in contact with soil suspensions results from such a reaction as this. 
In such cases, this effect might be produced by the action of some slightly 
soluble salts of the soil, or, which would surely be the case if considerable care 
were not taken in carrying out such determinations, the neutral salt (KCl) 
in tubes used in making contact to the calomel electrode would diffuse to the 
region of the soil, and an acid would then be formed, either through selective 
adsorption as just described, or through a modification of this phenomenon — 
basic exchange (77). 


DISCUSSION 

Significance of the inverting power of soils 

In this paper it has been brought out that insoluble silicic acid and adsorbed 
acids, as well as soluble acids, may invert cane sugar. As it has never been 
proven that this reaction can be catalyzed by any other inert substance than 
acid, the inverting power of soils must be an indication of the actual acid there. 

Probably there has never been another method used in the study of soils 
that measures the relative amounts of true acid. A possible exception is the 
method suggested by Conner (26), which determines the saponification of 
ethyl acetate in contact with soils, though he did not prove that there were 
not other substances in soils than acid which could cause or aid this action. 
The determination of hydrogen-ion concentration by the hydrogen electrode 
in contact with a suspension of soil in water has been used by Saidel (80), 
Fischer (30), Gillespie (34), Sharp and Hoagland (83), and Plummer (72). 
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It is daimed for such results that they represent the ‘^tensity of acidity'* 
lather than the ^‘quantity of acid" present (3S). At any rate, it is evident 
that this ‘^intensity of acidity" as measured by the hydrogen electrode can be 
only that which is in the solution phase, and that this acidity is not necessarily 
dependent upon that acidity which is bound up with the soil solid phase. 
Experiments 1, 4, 7 and 10 have shown that they are not dependent. Indeed, 
a soil may be of such nature as to yield an alkaline solution to water, and still 
have acid properties. Similarly, the results obtained by Bovie (17) show that 
adsorbed acids are not detected by the hydrogen electrcde. Therefore, 
acidity of soil extracts as determined by the hydrogen electrode cannot be a 
measure of that n^juch larger acidity — that which does not pass into solution. 
On the other hand, the inverting power of soils is due chiefly to this acid — 
insoluble and adsorbed. 


Quantitative considerations 

Only in a general and comparative way may quantitative interpretations 
be placed on the results recorded in this paper. Quantities of cane sugar 
inverted by different soils under identical conditions are indicative of the 
relative amounts of the acids therein, but it would be impossible to draw con- 
clusions as to the absolute amounts of acid present, since, as is seen from 
experiment '4, the amount of sugar inverted varies with the amount of soil 
in contact — and yet not in direct ratio. However, some idea may be obtained 
of the acid equivalent of these soils by comparing their inverting powers with 
that of acid of known strength under identical conditions. The following 
shows the amount of sugar inverted by hydrochloric acid of different strengths. 
Fifty cubic centimeter portions of 10 per cent sucrose solutions containing 
acid of strengths indicated were heated for hours at 85® to 87®C., and the 
amount of sugar inverted then determined: N/lOO HGl, 1.815 gm. sucrose 
inverted; N/1000, 0.7141 ; N/5000, 0.2496; N/10,000, 0.1196; N/20,000, 0.0323; 
N/40,000, 0.0236; N/100,000, 0.0101. Comparing these figures with results 
obtained in experiment 1, it will be seen that 5 gm. of most of the acid soils 
effect greater inversion than is produced by N/20,000 acid which was found by 
Cameron and Breazeale (23) to be injurious to clover, and judging from the 
results of experiment 4 it is probable that all soils studied could be made to 
invert much more than this amount of cane sugar if larger quantities were used. 

It is, of course, not fair to conclude that the acid present in the soil mass, 
and producing the inverting effect, is as injurious to plants as such a soluble 
and highly ionized acid as hydrochloric acid. Yet it must be recognized that 
while sofl acid itself is not in solution, such large amounts of this add are often 
present as to be potentially equivalent to a soluble acid of too high concentration 
to piOTUt satisfactory plant growth. If not having a direct injury on the plant, 
this insoluble acid must injuriously modify the character of the soil solution. 
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Adsorptive power 

While true insoluble acid may make for infertility, directly or indirectly, 
there are otiier properties that a soil may have that contribute to this condition, 
and may even be dominant. Many substances, including most soils when in 
contact with a solution containing a basic element, have the power of removing 
a part of that element from solution, and holding it more or less tenaciously 
against the leaching effects of water. Where the solid material contains acid, 
this action is due no dojibt in part to it, but there are many examples recorded 
in the literature of colloid chemistry, where substances containing no acid 
exhibit this phenomenon as well. 

This adsorptive force, distinct from the condition of acidity, has previously 
been recognized in ^ils. “Absorptiv ungesattigte’* (74), and ‘‘negative acidity*^ 
(59) ane terms aptly used to describe it. That there is not necessarily any 
relation between this force and acidity, is brought out especially in the be- 
havior of muck soils. When these are tested for inverting power, relatively 
little is found, yet it is well known how strongly this type of soils removes free 
base from alkaline solution. 

On account of the fact that base is found to be attracted and held through the 
adsorptive power of soils, and since such would be expected of an insoluble 
acid, it has sometimes erroneously been assumed that insoluble acid is the only 
cause. Some have calculated the amount of acid which would necessarily 
be present to unite with the same amount of base as they found soils to combine 
with (81, 92, 96). These figures run so high that it would be ridiculous to con- 
clude that such amounts of acid are really there. 

As to the nature of this adsorptive force, whether chemical or physical there 
has been much speculation (3, 8, 14, 18, 32, 94, 105 and others). However, 
recent views (6, 10, 38, 51) concerning valence and attraction between mole- 
cules would lead to the conclusion that there may be really no sharp dividing 
line between chemical union and adsorption, which is generally considered to 
be due to a physical attraction, all such combinations differing only in degree. 
With this conception, it should properly be considered that bases are held in 
soils in every possible degree from loose to strong combinations, the strongest 
corresponding with that which is found in chemical compounds, the weakest 
being merely adhesions to the surfaces of particles, easily broken. 

Amphoteric character of soils 

Very significant were the results obtained in experiments 1, 7, and 10, where 
soils showed inverting power, and at the same time the digestion extracts were 
found to be alkaline. SimUarly, Hanley found some soils to have inverting 
fAwer which contained calcium carbonate. There is no doubt, then, that a 
soil may contain an acid and at the same time enough base to neutralize this 
acid without this neutralization ever taking place. This phenomenon is related 
to the fact that acid soils have been found to neutralize acid solutions partially 
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when brought in contact (16, 61, 77).® Similarly it can be shown that the 
inverting power of a mixture of an acid solution in contact with an add soil 
is much less than the sum of their inverting power3 as obtained separately: 

Digestions were prepared of n/500 hydrochloric add and 5 per cent cane 
sugar, with 5 gm. of different soils, and heated for two hours at about 85^C. 
Amoimtsof sugar inverted were: SoilA, 0.9248; Soil B, 1.0562; Soil C, 0.7912 gm. 
The add alone was found to be sufficient to invert 1.0084 gm. of sugar under the 
same conditions, while Soil A alone inverted 0.5542 gm. of sugar; Soil B, 0.3819; 
and Soil C, 0.3316. There was considerably less inversion by the mixtures 
^n might have been e^qpected from adding the inverting powers of the two. 
Loss for Soil A + add was 0.6378 gm.; Soil B, 0.3341; Soil C, 0.5488. 

These facts would further show that true acidity in soil and the adsorptive 
process are separate and distinct, adsorbed bases in add soils being capable of 
neutralizing soluble acid, and unless this is recognized soil behavior must seem 
paradoxical. Thus we would have a material which at once neutralizes an 
acid, apparently neutralizes a base when in contact with a base, and also inverts 
cane sugar. In this respect soils might be said to be amphoteric. Hundes- 
hagen (41) reached similar conclusions and applied this term in his work upon 
kaolin. 

Complexity of properties of the soil mass 

Owing to the complexity of the soil mass and the widely differing properties 
of its constituents, there may be found yet other contradictory results. One 
need only try out all the methods for ‘‘soil acidity’^ on a given set of soils to see 
dearly that a soil may be classified as of high acidity by one method and low 
by another. Basic exchange with neutral salts (27, 40), or with basic salts 
(44, 56); adsorption of base from a solution of base (5, 16, 97), or of dyes (48); 
decomposition of insoluble carbonates (93), or soluble carbonates (42, 60); 
liberation of iodine from a mixture of potassium iodide and potassium iodate 
(13, 36), or from a mixture of potassium iodide with potassium nitrate (55), 
or with potassium nitrite (27); saponification of ethyl acetate (26) — ^are phe- 
nomena which have been made use of in indicating the quantity of acidity 
in soils, yet it cannot be said that these are all influenced by acid alone and 
no other factor; many soil properties or constituents are influential here. 
No doubt some of these phenomena are related, and as has been pointed out 
by one of us (77) and Kappan (47) there may be tendencies for equilibrium to 
be established between the various agencies effecting them, but there is no 
other reason why the different methods used in determining soil acidity should 
be expected to give parallel results. 

A given method for soil acidity cannot determine the fertility or infertility 
of a soil but can measure only that particular property upon which that method 
is based. While many recent publications have suggested this point of view 
(7, 31, 82), there are other cases where, if the investigator had realized this, 

® Somewhat contradictory results were obtained by Spurway (90). 
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he might have more easily and perhaps more correctly explained his results. 
Thus, Parker (70) has recorded a number of experiments of adsorption by 
soils of base from solutions containing both sodium hydroxide and potassium 
chloride. He explained his results on the basis of a correlated action, while 
it is probable that base is adsorbed from each more or le§s independently of the 
other, being due to different constituents in the soil.® Veitch and others 
(63, 98) point out that the organic part of soils has properties different from 
the mineral part, but this cannot be the whole story — both the organic and 
inorganic portions of soils must be thought of as made up of a large number of 
distinct substances, each with its individual properties, though of course often 
modified by the presence of the other constituents. Along this line have been 
a series of researches, first by SjoUema (84) pointmg to the distinctive character 
of different soil constituents in removing dyes from solution. 

On the other hand, there is danger of inaccurate application of this idea. 
The distinctions between ^'immediate” and ‘‘continuous’’ lime requirement 
(60), also “active” and “latent” soil acidity (96), which were based upon the 
idea that soils were, indeed, complex and that some soil constituents reacted 
more quickly than others when in contact with solutions, could possibly be 
better explained as merely a case of some time being necessary for the com- 
plete reaction of a single constituent, or set of constituents of the soil, with the 
solution phase. It has been shown by a number of investigators (11,. 22, 24, 
71) that in ordinary reactions between solutions and solid phases in contact, 
while the largest part of the reaction takes place at once, much longer time is 
required for a complete equilibrium. 

General relation of base to soil fertility 

If the amount of base present in the soil is relatively small, and the adsorp- 
tive power of the soil for that base is very strong, which conditions usually go 
together, then the soil will be found to be infertile; those elenients, especially 
the bases, which are necessary for plant growth are so tenaciously held by the 
soil mass that the plant is deprived of nourishment. Such a soil will absorb 
base from solutions of bases or salts, will decompose carbonates, redden litmus 
paper, and may still contain no acid, though it usually does contain some, as 
was shown in the foregoing experiments. Barring secondary effects, and in 
general, the addition of any mono- or di- valent base^ will improve a soil of this 
nature. Most soils contain much more of every element than is necessary 
for growing several crops, but if the total base preset is insufficient to satisfy 
this excessive adsorbing power, these elements are held out from the soil 
solution as already described. On the other hand, if any strong base is added 

In this connection, see also Osugi and Uetsuki (68). 

Mono- and di-valent bases are specified since, as will be mentioned again later, iron 
and aluminum act differently, even injuriously. See also Daikuhant (27). 



352 


F. E. RICE AND S. OSUGI 


there is a tendency for other bases to be liberated. This is the basis for the 
common practice of the use of soil amendments.^ 

The situation with respect to bases, however, is by no means as simple as 
the above discussion might imply. Aluminum and iron are bases truly enough, 
yet their presence in soil solution is undesirable,® magnesium in large amounts 
may be toxic (12) ; excess of an alkali metal may cause an unfavorable physical 
condition, as witnessed in soils where large amounts of nitrate of soda had been 
applied, and an accumulation of the corresponding carbonate resulted; it is 
possible that there may be particular quantitative ratios between bases that 
are harmful (54); there have been recorded a few instances where soils are 
saturated with one base and yet basically deficient with respect to another 
(61). Neither should it be concluded that all soil infertility is to be attributed 
to an unsuitable condition among the basic constituents: Toxic organic com- 
pounds are often present (87); soils may be of such poor physical character 
as to hinder plant growth and nourishment; as is seen in alkali soils, an excess 
of any soluble salt renders the soil unfit for plants; also, under peculiar con- 
ditions soluble add in unusual and injurious amounts must be admitted (31). 
Yet, for all ordinary crops, the base, lime, in even excessive quantities causes 
no injury, and it is found that most of the above-mentioned causes of infertil- 
ity are ameliorated by an application of lime. 

The behavior of iron and aluminum in soils especially forms an interesting 
chapter. These elements may be soluble in water alone (1, 78), or become 
soluble through an exchange with bases from fertilizer salts (27 63, 79). 
While iron and aluminum are present in soil particles in larger proportions than 
any of the other bases, they seem not to become active unless the other bases 
reach a relatively low figure, and may be placed in such a condition that they 
cannot influence the soil solution in any way if other (stronger) bases are 
plentifully supplied (63, 77, 79, 82, 90). As suggested by Daikuhara, a soil 
is never really basically ''adsorptiv ungesilttig^^ if iron and aluminum be con- 
sidered as bases. In the event that stronger bases are in low proportions, iron 
and aluminum may then be free to exert their influence which is injurious in 
many ways: (a) as already mentioned, their ions are toxic to plants (b) if 
they are present in solution as salts of strong acids, these hydrolyze, producing 
acid, and (c) in the event that other bases are not plentiful, phosphates may 
revert to iron and aluminum phosphates, in which condition phosphoric acid 
is most insoluble, and possibility non-available to plants (91, 104) Hence, a 
liberd application of a base, such as lime, in addition to preventing the solu- 
bility of iron and aluminum, also furnishes a base with which the phosphoric 
acid nwiy combine, and remain in a comparatively soluble condition. 

• While this is true in general, some cases have been reported where it does not seem to 
See Lyon and Bizzell (58) and Briggs and Breazeale (19). 

Fora review of the literature on this subject see Miyake (62). 
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^'Acidity^' is the term always applied when an infertile soil is made more 
fertile by the application of lime, but we must recognize that acid is only one 
of the factors causing this condition, and possibly even a minor one. 

A method for the determination of relative soil acidity 

Probably the only method ever developed for the determination of the true 
acidity of a soil depends upon the measurement of its catalytic activity upon 
the reaction of inversion of cane sugar. Acidity as here characterized is that 
which is due to soluble and insoluble acids. This is not acidity as it is ordina- 
rily understood in soil literature and it is only one of the factors contributing 
toward that undesirable condition of soils found to be improved by the use of 
lime. Comparative measurements of true acidity of soils may be of value in 
some cases, when the following procedure is recommended: 5 to 10 gm. of 
soil is added to 50 cc. of a 5 per cent solution of cane sugar, the whole digested 
on a water bath at 80® to 87®C., from to 3 hours The amount of sugar 
inverted is determined in the filtrate by the very delicate titrating method 
suggested by Cole (25). 

‘ SUMMARY 

It has been shown that soils of many kinds and other insoluble materials 
can be made to invert sucrose; with soils this power is a property of the mineral 
portion as well as of the organic matter. 

That this effect is due to acid cannot be doubted. This acid may be found 
in four different forms: (a) A slight quantity in a few soils is soluble in the 
sugar solution. However, the principal portion is bound to the soil particles; 
this may be in the nature of (b) acids wdiich would otherwise be easily soluble, 
but are here strongly adsorbed on the soil particle surfaces, or (c) it may be 
of the nature of an insoluble acid such as silicic acid. Also, (d) a neutral 
salt present in the soil solution in even small quantities may be broken down 
while in contact with the soil mass, the basic part being more strongly adsorbed 
than the acid, when the latter is left free to exert its characteristic influence in 
inverting cane sugar. 

That the inverting activity of soils is chiefly a property of the insoluble 
part was indicated in several ways, (a) Many soils showed inverting action 
on sugar in a solution which remained neutral after contact with the soil, or, 
in some instances, became alkaline. Also, similarly, when soil was allowed to 
adsorb some base, then digested with cane sugar solution, it showed inverting 
action, and also 3 delded up suflicient base to make the extract distinctly alka- 
line. (b) No inverting power, or very little, indeed, was found in water 
extracts from soils, (c) Inversion did not continue in sugar extracts after 
soils were removed, (d) Inversion increases with increasing amounts of 
soil in contact with the sugar solution, while there is no measurable change in 
hydrogen-ion concentration in the extract, (e) Greater inversion is produced 
by shaking soils with sugar solutions, than by allowing the mixtures to stand 
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quietly, (f) Long continued and repeated extractions of soils with water 
and with cane sugar solution did not greatly reduce their inverting power. 

FuIler^s earth, cotton, charcoal and other substances which have been 
described as similar to acid soils were found not to invert cane sugar. 

Otherwise soluble acids so strongly adsorbed by solids as not to be removed 
by washing in any measurable quantity, will yet invert sugar in such condition. 

Silicate minerals may be given mverting power by treating suspensions with 
direct current. Base is split off, passing into solution and to the cathode, and 
silicic acid remains with the mass, insoluble. Soil acidity is increased by a 
similar treatment of soils. 

Contrary to previous conclusions, hydrous oxides of lead, copper, bismuth, 
aluminum, iron and zinc were not found to have any inverting power. 

Many suspended substances having no inverting power alone, were found 
to produce inversion when a neutral salt was present, through selective ad- 
sorption of the base, thus setting a small amount of acid free. 

'‘Soil acidity” is the term customarily applied when infertility of soil can be 
corrected by the use of a free base such as lime. There are many factors in- 
volved in causing this condition in soils, the presence of real acid being only 
one of them. Methods used for detecting or determining "soil acidity” 
generally do not measure the acid there but may depend upon many properties 
of soil mass in no way related to acidity. The power of a soil to catalyze the 
reaction of cane sugar inversion is a measure of its acid, and is probably the 
only method which can measure the acid bound up with the soil solid phase. 
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The purpose of the experiments reported here was to determine the physio- 
logical activity of certain molds when inoculated into sterile soil. It was 
hoped that such an investigation woujd throw some light on the question as 
to whether molds are active in soils and if they are, as to some of the products, 
chiefly carbon dioxide, of their life processes. Because of the excellent bibliog- 
raphy of the subject published recently by Waksman (2) we shall not go into 
the historical phase of the subject in detail here. In a review of the evidence 
and in consideration of results carried out in his laboratories, as to whether 
molds are present in soils in active form or not, Brown (1) shows that there is 
little to lead one to believe that molds are not active in soils. In this same 
paper, a brief review of the physiological activities of molds in soil, and their 
important bearing upon soil fertility, is also given. 

Practically all of the work which has been done on the physiological activi- 
ties of molds in soils has been carried out by using a sterile medium, usually 
soil, to which has been added some material, such as dried blood, in the case 
of a measurement of ammonification, and then inoculating with pure cultures 
of a mold or molds, the product sought being determined at the end of a 
certain period. There are two well recognized points of weakness in this 
procedure. First, sterilizing radically changes the soil, rendering plant-food 
and other material more soluble. Second, the addition of the large amounts 
of material (dried blood) makes the medium still further unlike typical soil 
conditions. The method which we used eliminated the second objection only. 
No method has yet been developed to render the soil sterile, and not Aidicaljy 
alter its composition. In the last series of experiments reported in .this paper, 
some progress was made in the solution of this problem. 

EXPERIMENTAL 

All the experiments were conducted with the apparatus shown in figure !• 
Plate 1 gives the reproduction of a photograph of the whole arrangement of 
apparatus. 

Experiment I 

In this and the succeeding experiments, a clay loam soil with a lime require- 
ment, by the Veitch method, of 1540 pounds of calcium carbonate per acre of 
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2,000,000 pounds was used. After obtaining the soil from the field, it was 
partially air-dried, put through a i-inch sieve, and then completely air-dried 
and thoroughly mixed. 

For Experiment I, 340-gm. (f-pound) portions were weighed into 24 Erlen- 
meyer flasks, fitted with rubber stoppers and connecting tubes as shown in 
figure 1. The rubber stoppers were lifted about J inch out of the flasks and a 
large wad of cotton wrapped around the stoppers and tops of the flasks. The 
cotton was held in place by tying with string. The 24 flasks were then steril- 
ized in the autoclave by steam at 10 pounds pressure for 3 ^ hours, three separate 
times, with 48-hour periods intervening between the autoclave treatments. 
After sterilization was complete the 24 flasks were placed in position, the cot- 
ton wads carefully removed and the rubber stopper placed in position. The 
cotton plugs in the ends of the glass tubes protected the flask and contents 
from contamination. The flasks were then inoculated as follows. The molds 
were isolated from this soil by means of successive plating on beenvort agar. 
After pure cultures were obtained, each culture was inoculated upon a thin 
layer of beerwort agar in a 500-cc. Erlenmeyer flask. After the cultures thus 
obtained had fruited well 300 cc. of sterile water was added and then a 75-cc. 
portion from the suspension of each mold was transferred under sterile con- 
ditions to each of two flasks of the sterile soil. Fifteen cubic centimeters of 
sterile dextrose solution was added to the remaining 150 cc. of water in the 
flasks containing the pure mold cultures. The dextrose solution was of such 
a strength that the solution in the culture flasks was made exactly 1 per cenl 
dextrose. Seventy-five cubic centimeter portions were then transferred 
under sterile conditions to two more flasks of sterile soil. Before lifting the 
rubber stoppers from the flasks to add the inoculating liquid the stopper and 
the top of the flasks were swabbed with an alcohol-water (1-1) solution of 
mercuric chloride. The proper connections were then made in the apparatus 
and the air current was turned on. The inoculations were made January 25, 
1916, and the air was run continuously over the soil until March 9, 1916. 
The carbon dioxide evolved was determined by titrations at intervals shown 
in table 1. 

After the completion of the experiment, soils from the flasks were plated 
out on beerwort agar to test the purity of the cultures. This was done as 
follows. The flask was disconnected from the apparatus with the rubber 
stopper and entrance and exit tubes with the cotton plugs still securely fixed. 
The flask was then shaken violently. This left several grams of the soil ad- 
hering to the glass tube projecting below the rubber stopper. The tube with 
the soil was dipped into sterile water contained in a flask, whereupon most of 
the soil fell from the tube. Inoculations upon the plates of beerwort agar 
were made in the usual way. The results are found in table 1. 

In table 1 will be found the amounts of carbon given off from the various 
soils as carbon dioxide. The total carbon also has been computed and ap- 
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pears in the last two columns of the table. The results obtained by plating 
out th6 soils also are given in the table. 

It is seen that all the culture experiments involving the Mucor Rhizopus 
were found to be pure at the completion of the experiment. The two Asper- 
gillus inoculated soils numbered 9 and 10, upon plating out were found to 
develop nothing but Trichoderma colonies. Since soils 11 and 12 remained 
pure with respect to the colonies of Aspergillus^ it is quite certain that the 
inoculating culture was pure Aspergillus, There is nothing to indicate at 
what stage of the experiment contamination took place. Sterilixation might 
not have been complete, although that is not probable. Contamination might 
have taken place during the inoculation or during the passing of the air over 
the soils or finally during plating. 

All the Trichoderma inoculated soils remained uncontaminated, with the 
possible exception of no. 13. Upon plating this soil, one plate was found to 
develop nothing but Trichoderma colonies, another plate Trichoderma with a 
single colony of a Rhizopus ^ and the third plate mainly Trichoderma with a 
single colony of Aspergillus, Soils 17 and 18 were found uncontaminated, 
soil 19 showed mainly Rhizopus on the plates. No. 20 upon plating, gave one 
plate of pure Chcetomiun colonies, another mainly Chcetomium and a single 
Rhizopus colony^ and the third mainly Chcelomium with a single Aspergillus 
colony. Here, as with soil 13, it seems probable that the contamination 
was brought about during the plating. 

The results obtained on the evolution of carbon, as carbon dioxide, will be 
discussed now. To facilitate comparison, the average amounts of carbon 
given per day for each period have been computed, and tlie results so obtained 
have been plotted, and appear in figure 2. Only the results for the soils with 
no dextrose have been plotted. 

Perhaps the most noteworthy thing to be observed is the very rapid increase 
in the amount of carbon dioxide given off during the second and third day, 
and the fourth day. In every case, except the Chcetomium cultures, there was 
a decrease on the fifth and sixth days. From the manner of inoculation, very 
great numbers of spores were added to the soils, and the rapid increase in 
amount of carbon dioxide evolved is no doubt due to the development of these 
spores. It has been found (3) that spore formation of fungi is accompanied 
or closely followed by a development of large amounts of ammonia. Probably 
there is also a development of a correspondingly large amount of carbon dioxide 
and our data might be taken to prove that, but there are other factors which 
enter in, which may have more influence. Sterilization of soil renders organic 
matter, and otlier nutrient material, more soluble, and therefore on the addi- 
tion of large numbers of fungi spores, they immediately find a suitable medium 
for growth, hence they all develop vigorously. Later this nutrient medium 
becomes partially exhausted. It is seen from figure 2 that on the eleventh day 
two of the fungi, Aspergillus and Rhizopus, give an increased amount of carbon 
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over the previous period, while all of them give increased amounts during the 
period from the fourteenth to the seventeenth. This experiment whidi was 
carried out previous to the publication in regard to sporulation and ammonia 
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Ro. 2. Diagkau Showing Amounts or Carbon Produced in Experiment I 

production (4), was subjected to the changing temperature of the laboratory, 
and hence many of the fluctuations observed were no doubt due to this factor. 
In general, the most valuable conclusion to be drawn from a consideration of 
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these results, as they appear in the table and in the curve, is that in some cases 
the fungi gave off more carbon than the soils inoculated with soil emulsion. 
In other cases, Uss is given, but in general the order of magnitude of the 
amounts is the same. More in regard to the significance of this will be said 
later. 

The results for the soils to which dextrose was added, are in general similar 
to the results for the soil alone, except for the larger amounts of carbon given 
off. When the experiment was planned, it was not known whether or not the 
soil alone would support sufficient mold growth to give appreciable amounts of 
carbon dioxide, and this was the reason for using the dextrose. 

At the end of the experiment, the soils were immediately air-dried, and later 
were analyzed for nitrate, ammonia, and soluble non-protein nitrogen. 

Since the publication of the investigation which resulted in the proposal of 
the method for soluble non-protein nitrogen of soil (2), we have found that 
practically all of the nitrogen which is extracted by the 1 per cent acid belongs 
to this class of compounds. For example, in an examination of several soil§, 
from 96 to 100 per cent of the nitrogen in the acid extract was not precipitated 
by 2.5 per cent trichloracetic acid. Therefore, the nitrogen extracted by the 
1 per cent acid is always included in the soluble non-protein nitrogen group of 
compounds. 

It should be stated that all results published by us on the soluble non- 
protein nitrogen except those in the original communication, have included in 
them the nitrogen of the acid extract. The value of the results in the original 
paper are in no way impaired by their incompleteness in this respect. A 
paper amplifying our first communication on soluble non-protein nitrogen is 
in course of preparation. 

The results of these determinations are given in table 2. 

The sterilized soil contained 0.895 per cent of the total nitrogen as nitrate 
nitrogen. The mold-inoculated soils in every case contained less nitrate 
nitrogen, and the dextrose- treated soils usually less than the corresponding 
untreated soil. These facts are in harmony with the findings of others, namely, 
that molds may reduce or utilize nitrates, and that so far no molds have been 
found which bring about nitrification. It is seen that there was a considerable 
accumulation of nitrates in the soil-emulsion-inoculated soils, except of course 
in the dextrose-treated flasks. 

In the sterilized soil, 3.01 per cent of the soil nitrogen was present as ammonia. 
In the soils treated with the Rhizopus and the Chmtomium^ this amount was 
increased, while with the other molds, and the soil emulsion the ammonia was 
decreased. This decrease should not be interpreted as meaning that fungi 
might actually use more ammonia in the field than they would cause to be 
formed. The conditions would be quite different if nitrifying organisms were 
present to utilize the ammonia as it was produced. Higher plants would in 
some cases also function similarly. The reason for the great reduction in the. 
amount of ammonia in the dextrose soils, is no doubt due to the greatly en- 

eoxL tasNcs, tol. t. mo. 6 
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hanced growth of the molds, which causes them to utilize a larger proportion 
of more easily available nitrogen present. Another factor should be taken 
into consideration in regard to the dextrose-treated soils. Undoubtedly there 
was a great initial increase in acidity from its decomposition and this would 
tend to make the growth and metabolism of the molds quite different from 
what would otherwise be the case. 


TABLE 2 

NUraiet ammonia^ and soMle non-protein nitrogen in the sterilized and unsterUized soil and in 
the sterilized inocidaled soil after the completion of the experiment 


NUMBER 

i 

TREATMENT 

PER CENT OP TOTAL NITROGEN 

NitTRte 

Ammonia 

Soluble non- 
protein 

Original soil 

Originfll soil 

Sterilized 

0.325 

0.895 

0.60 

3.01 

14.45 

22.8 

1,2 

Mucor ! 

0 67 

2.77 

23.8 

3,4 

Dextrose, Mucor i 

0 68 

1 57 

22.2 

5,6 

Rhizopus i 

0.59 

3.08 

22.9 

7, 8 ' 

Dextrose, Rhizopus 

0.29 

0.70 

18 0 

9, 10 

Aspergillus 

0.44 i 

1.54 

21.6 

11, 12 

Dextrose, Aspergillus 

0 39 

1.30 

20.4 

13, 14 

Trichoderma 

0.54 

2.58 

21.0 

15, 16 

Dextrose, Trichoderma 

0.32 

0.45 

19.2 

17, 18 

Chaetomium 

0.65 

3.k 

21.9 

19, 20 

Dextrose, Chastomium 

0.41 

1.26 

19.6 

21, 22 

Soil emulsion 

2 98 • 

2.56 

18.9 

23, 24 

Dextrose soil emulsion 

0 74 

2.25 

19.3 


The sterilized soil contained 22.8 per cent of its nitrogen as soluble non- 
protein nitrogen. There was a slight increase in the amount caused by the 
Mucof and Khizopus^ while all the other fungi caused decreases. The greater 
the amount of the soluble non-protein nitrogen present, the less, of course, 
the amount of complex protein compounds, and therefore of soluble non- 
protein nitrogen present in this experiment will give an indication as to the 
amount of protein material synthesized or broken down. It is probably 
significant that those molds which give off the greater amount of carbon have 
apparently caused the synthesis of greater amounts of protein material. It 
is also seen that the soils treated with dextrose have in every case synthesized 
more protein material than their corresponding untreated soil. The reverse 
is true in the soil-emulsion-inoculated soils. In these soils bacterial action 
plays, no doubt, a large part. The synthesis of more protein complexes in the 
soU-emulsion-inoculated soils is to be explained by the fact that there are a 
multiplicity of varieties of organisms active in these soils. 

, Experiment II 

In this experiment exactly the same arrangement of apparatus was used as 
in the previous experiment. The same fungi were used. Instead of employ- 
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ing dextrose, however, lime was used. This soil, as stated above, had a lime 
requirement by the Veitch method of 1540 pounds of calcium carbonate per 
acre. In order to make sure that sufficient lime should be added to the soils 
to render them basic, f pound of the dry soil was mixed, with sufficient lime 
to give in one case an excess of i ton and in the other of 1.6 tons, per acre. 
The soils were then heated in the autoclave 3 hours per day on three alternate 
days, and they were then tested with litmus paper. Since there was some 
question as to whether the soils receiving! ton of lime in excess were alkaline, 
it was decided to use 1.6 tons of excess lime. 

Twenty-four flasks were prepared as in Experiment I. To 12 flasks, lime 
in the amount indicated above was added, and the 24 flasks were sterilized 
simultaneously by heating 3 hours in the autoclave at 10 pounds pressure 
on three alternate days. After sterilization of the soils, the flasks were con- 
nected with the remainder of the apparatus, and 50 cc. of sterile water was 
added to each flask. Inoculation was not made until 15 days after this, air 
being forced over the soil, and into the alkali towers. This procedure was 
followed in order to make sure that sterilization was complete. The amount 
of carbon evolved in this preliminary period is given in table 3. On the 
fifteenth day, inoculation was made as before, except that only 20 cc. of the 
inoculum was used. This gave a final moisture content of the soil about the 
same as that of the previous experiment. Through an oversight, the soils were 
not plated out at the completion of the experiment; therefore, we cannot be 
certain that the cultures remained pure through the course of the experiment. 
It is thought that pure cultures remained in all the soils, for the following rea- 
sons. Table 3 shows that from the eleventh to the fourteenth day, of the 14- 
day period previous to inoculating the soils, no carbon was evolved from the 
unlimed soils. The amoimts given during the first twelve days must have 
come from carbon dioxide held in the soil atmosphere and soil solution. The 
carbon dioxide, no doubt, came from the action of the heat on the soil organic 
matter. If any organisms had been present they soon would have multiplied 
enormously with a consequent rise in carbon-dioxide production. It is seen 
that some carbon dioxide was still being evolved from the limed soils during 
the last four days of the preliminary period, but only a small amount when 
compared with that given during the first 12-day period. Therefore, in the 
case of the limed soils, it seems safe to conclude that sterilization was complete. 
Successive platings of the inoculating cultures of molds invariably showed 
them to be pure. In all cases in this experiment, and the previous one on those 
soils inoculated with molds, the growth appeared on the surface of the soil a few 
days afterinoculation. In the previous experiment on thesoilswhere themolds 
remained pure throughout the experiment, no evidence of a foreign growth 
was ever seen, while in the few cases where the plating showed the presence of 
invading organisms, this was evident by a superficial examination of the soil 
during the course of the experiment. In this second experiment, the soil al- 
ways showed evidence of the mold with which it had been inoculated, and in 
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no case was a foreign mold growth apparent. .Of course, this is not absolute 
proof in regard to molds and no proof at all in a consideration of bacteria. 
However, it would seem probable that if foreign molds were kept out, bacteria 
would be also. 


! 



Fio. 3. Diagram Showing Amounts of Carbon Produced in Experiment II 

The amounts of carbon dioxide given from the various soils are set forth 
in table 3. The average amount evolved per day for each period has been 
computed, and the results so obtained were used in plotting the graphs in 
figures 3 and 4. ' 
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From the figures given in the last two columns of table 3 it is seen that the 
duplicates did not check very well in some cases^ particularly for soils 7 and 8, 
and 19 and 20. ’ No explanation of these discrepancies is apparent although 



Fig. 4. Diagram Showing other Amounts of Carbon Produced in Experiment II 


it is to be noted that almost invariably^ the unlimed soils have given more 
closely-agreeing duplicates than the limed. This might have been due to 
a difference in the Amount of the lime decomposed by the heat treatment. 
Unfortunately, the [soils were not analyzed for residual lime after !the 
steiiiization. 
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Keepmg in mind the variations noted, it is seen that not much difference 
is to be noted in the amounts of carbon evolved from the limed and the un- 
limed soils. It is generally conceded that molds are more active in acid media 
than in neutral or alkaline media, yet this experiment does not seem to confirm 
it. The soil used had only a rather low lime requirement, so that possibly the 
hydrogen-ion concentration was not much different in the acid and in the 
limed soils. It is also seen that there is not much difference in the amount of 
carbon given from the limed and unlimed infusion-inoculated soils. In 
figures 3 and 4 the average daily results for the evolved carbon have been plot- 


TABLE 4 

Nitrate y ammonia and soluble non-protein nitrogen in the sterilized and unsterilized soil and in 
the sterilized inoculated soil after the completion of the experiment 


NUMBER 

TREATMENT 

PER CENT 07 TOTAL NITROGEN 

Nitrate 

Ammonia 

Soluble non- 
protein 

Original 

Original 

Sterili7.ed. . . 

0.325 

0 895 

0.60 

3.01 

14.45 

22.8 

1,2 

Mucor 

0 53 

4.74 

21.8 

3,4 

Lime, Mucor . . 

0 53 

4.65 

21.8 

5,6 

Rhizopus 

0.51 

4.08 

22.8 

7,8 

Lime, Rhizopus 

0 54 

3.90 

21,6 

9, 10 

Aspergillus 

0.24 

3.22 

21.7 

11, 12 

Lime, Aspergillus 

0.28 

2.92 

20.6 

13, 14 

Trichoderma 

0 26 

L90 

19.9 

15, 16 

Lime, Trichoderma 

0 26 

3^18 

20 2 

17, 18 

Cha'tomium . 

0 46 

4.64 

21.9 

19, 20 

Lime, Chaetomium 

0.51 

4.02 

20.4 

21,22 

Soil emulsion 

0 61 

5.30 

19.6 

23, 24 

Lime, soil emulsion 

4 52 

2.08 

i 

14.9 


ted. The course of the mold activity can be followed very easily by a study of 
these curves. 

The results for the determination of nitrate, ammonia, and non-protein 
nitrogen are given in table 4. Considering the results for nitrates, first, it is 
seen that in the mold-inoculated soils in every case, there is a diminution in 
nitrates, with the lime having no apparent effect. The soil-emulsion-inocu- 
lated and limed soils gave a considerable increase in nitrate nitrogen. There 
were some rather marked changes in the ammonia content of the soils. In 
only one case, that of the soil inoculated with Trichoderma, is there any con- 
siderable difference between the limed and unlimed soils, the latter having 
less ammonia than the limed soil. In the case of the soil-infusion-inoculated 
soils, no doubt the smaller amount of ammonia in the limed than in the un- 
limed soils is due to the greater nitrification in the former soils. The soluble 
non-protein nitrogen does not show any consistent changes except in c%se of 
the soil-emulsion-inoculated soils. 
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Experiment III 

A different plan of sterilizing the soil was used in this experiment than in the 
preceding. It was thought that possibly sterilizing the soil with flowing steam 
in the Arnold sterilizer would be as effective as heating in the autoclave, and 
that less change would be brought about in the soil. In order to determine 
the number of times it was necessary to heat the soils in the Arnold sterilizer 
to bring about complete sterilization, the following preliminary experiment 
was carried out. 

Several 500-cc. Florence flasks were prepared, each containing 1 pound of 
the air-dry soil, to which had been added 25 per cent of water, and then stop- 
pered with cotton. It was found by experiment that it took about 40 minutes* 
heating in the sterilizer to bring the temperature in the center of the soil in the 
flask to that of boiling, namely, about 99°. Therefore, several of the flasks 
prepared as above were placed in the Arnold sterilizer, and heated for 1 hour 
and 40 minutes. This was repeated every alternate day until six heat treat- 
ments had been applied. Two of the flasks were then removed and allowed 
to stand at room temperature for one week, when the flasks were shaken, a 
few grams of the soil transferred to sterile water, and plates poured. Flasks 
receiving 7, 8 and 9 heat applications were treated in the same way with the 
following results: 


6 treatments 5 contaminated plates, 3 sterile 

7 treatments 1 contaminated plate, 7 sterile 

8 treatments No contaminated plate, 8 sterile 

9 treatments No contaminated plate, 9 sterile 


It is seen that the soils heated 8 or 9 times in the sterilizer are undoubtedly 
sterile. Therefore, it was decided to heat the soils 9 times in the Arnold 
sterilizer. Twelve flasks were prepared, each containing 1 pound of the air- 
dry soil, and to six of these sufficient lime was added to give a treatment of 
4 tons per acre. Twenty-five per cent of water was added, and rubber stoppers 
inserted bearing delivery tubes exactly as in the two preceding experiments. 
The flasks were then sterilized as indicated above. 

Twelve of the flasks, of which six were limed, were then set up in much the 
same way as in the preceding experiment, except that the flasks were all placed 
in a water bath. It was originally planned to regulate the temperature, but 
after a few days, the mechanism failed. The water, however, served to keep 
the temperature of all the flasks alike. The inoculations were made as pre- 
viously. The treatments, plating and carbon results are given in table 5. 

It is seen that those flasks which had been inoculated with the Rkizopus 
were all contaminated with a Penicillium organism. The two unlimed soils 
were only slightly contaminated, while the two limed apparently were infected 
predominately with Penicillium. Although the inoculating cultures gave no 
indica^bn of being impure, yet the conclusion seems rather clear that the 

















374 R. S. POTTER AND R. S. SNYDER 

% 

noculum was the cause of the contamination* Soil 3 became contaminated 
on the ninth day, as a result of the stopper of the flasks coming out. Flasks 
8 and 12 were broken during the course of the experiment. 

The results for the carbon-dioxide determinations are not markedly different 
from those of the preceding experiment. Because of contamination, no con- 
clusion can be drawn from soils 1 to 4. The limed soils inoculated with 
Aspergillus niger gaveoff more carbon dioxide than the imlimed,but unquestion- 
ably part of the increase was due to carbon dioxide in the soil water freed from 
the lime. This is indicated by the fact that considerable carbon dioxide was 
given from the limed soils before inoculation. Also, the excess carbon dioxide 
given from the limed soils at the end of the first day after inoculation must not 


TABLE 6 

Nitrate^ ammonia and soluble non-protein nitrogen in the sterilized and unsterilized soils and in 
the sterilized inoculated soils after the completion of the experiment 


NUMBEK 

TAEATMENT 

PER CENT OF TOTAL NITROGEN 

Nitrate 

Ammonia 

Soluble non. 
protein 

Original 


0 325 

0.60 

14.45 

Original 

Sterilized 

0.24 

2.15 

21.9 

Original 

Lime, sterilized 

0.27 

3.18 

19.9 

1,2 

Lime, sterilized 

0.22 

2.51 


4 

Lime, sterilized 

0.27 

3.64 


5,6 

Lime, sterilized 

0.21 

2.17 


7 

Lime, sterilized 

0.22 

4.04 


9, 10 

Lime, sterilized 

0.25 

3.18 


11 

Lime, sterilized 

1.36 

2.51 



have been due to increased organic activity, but rather to the carbon dioxide 
in the soil atmosphere and moisture. The limed soils, both the uninoculated 
and the inoculated, were analyzed for residual carbonate, but practically none 
was found. Therefore, the heat treatment caused all the calcium carbonate 
to be decomposed, and no doubt considerable excess carbon dioxide was left 
in the soil water and atmosphere. 

In table 6 the nitrate, ammonia, and non-protein nitrogen results for the 
sterilized and unsterilized soils are given, together with the nitrate and am- 
monia results for the inoculated soils. 

Comparing the results on the sterilized uninoculated soils given in table 6 
with the corresponding results for the same soil in table 4, it is seen that the 
sterilizing in the Arnold sterilizer had but little less effect on the nitrogenous 
compounds than did autoclave treatment. The nitrate was considerably 
less changed, the ammonia not much different, nor was the soluble non-protein 
nitrogen changed to a much less extent. Evidently, the long continued treat- 
ment at the temperature of boiling has about the same effect as the shorter 
but higher temperature treatment in the autoclave. It is thought that possibly 
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complete sterilization could be effected by a considerably less number of treat- 
ments in the Arnold sterilizer than the nine to which we subjected our soils. 

The results for the nitrate and ammonia nitrogen in the inoculated soils 
are about the same in a general way as those for the preceding experiment, 
and will not be discussed further. 

SUMMARY AND CONCLUSIONS 

The results of the experiments reported in this paper do not give a definite 
answer to the question as to whether molds are active in normal soils or not. 
Nevertheless, the fact that in some cases more, and in all cases nearly as much, 
carbon dioxide is evolved from sterilized soils inoculated with molds and from 
sterilized soils inoculated with soil emulsion, seems indicative that they may 
be. Of course, in sterilized soils conditions are quite different from those in 
normal soils. More plant-food and other materials are in a soluble state, a 
condition which is known to favor mold growth. However, it hardly seems 
probable that sterilization would change the soil from a medium absolutely 
unsuited to mold growth to a medium supporting molds to an extent equal 
or nearly equal to the support of the whole soil flora. 

The definite conclusions to be drawn from this investigation are as follows: 

1. Typical soil molds when inoculated into sterilized soil grow with a vigor 
equal to or nearly equal to the growth induced by an inoculation with the 
entire soil flora, the evolution of carbon dioxide being the measure of the vigor 
of growth. 

2. Calcium carbonate in this soil causes no marked increase or decrease in 
the growth of molds as measured by the evolution of carbon dioxide. 

3. Sterilization in the autoclave increased the nitrate, ammonia, and soluble 
non-protein nitrogen. 

4. Sterilization in the Arnold sterilizer increased the ammonia and soluble 
non-protein nitrogen to a less extent than did sterilization in the autoclave. 
The amount of nitrate was decreased by treatment in the Arnold sterilizer. 

5. Molds in all cases caused a diminution in the amount of nitrates. Am- 
monia was not much changed in amount. In nearly every case there was a 
decrease in the amounts of soluble non-protein nitrogen. 
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The question of the chemical and physical effects on the soil of the different 
forms of lime has always been a subject of prreat interest to agricultural in- 
vestigators. Innumerable field experiments have been carried out in order to 
determine how crops respond to the application of different forms and amount? 
of lime. Jn the majority of cases, however, no attempt has been made to dis- 
cover the precise chemical changes induced in the soil system through the 
addition of lime. During the course of an extensive investigation on water 
extracts (1, 7), osmotic pressures (2), and reactionsof soils (6), the suggestion 
was made that it would be of considerable interest tc' obtain further data 
concerning the effects of lime on the soil as evidenced by these methods of 
study. The present paper deals with the reaction of the soil, while the fol- 
lowing article takes up the questions of v/ater extracts and osmotic pressures. 

Lime is applied to the soil either in the form of the oxide or carbonate. 
Sometimes one form is preferred, but often it is considered immaterial which 
is used, except as economic considerations may dictate. It is known that 
quicklime may sometimes have an injurious alkalinity soon after its applica- 
tion, but the assumption is generally made that carbonation quickly takes 
place, so that the ultimate effect is the same as though the carbonate had been 
used in the first place. It seemed profitable to study these changes with more 
exactitude, by using the hydrogen electrode method (6) for determining the 
concentration of H-ions in soil suspensions. 

Three soils of different types were used, (1) a clay adobe, (2) a sandy loam, 
(3) a silty clay loam. A sample of beach sand was also included for compari- 
son. Two 20-pound lots of each soil w^ere placed in earthenware jars. Com- 
mercial quicklime was added to the soils and thoroughly mixed. The pro- 
portions used were 0.07 per cent and 0.28 per cent calculated in terms of pure 
CaO. The soils were made up to approximately an optimum moisture con- 
tent and kept in this condition for six months. Samples were taken at inter- 
vals over this period and the H-ion concentration determined as described in 
the previous publication already cited (6). The samples were not dried and 
loss of CO 2 was avoided so far as possible in making the measurements. All 
determinations were carried out in a strictly comparable way. H-ion con- 
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TABLE 1 

Effect of different forms of lime on soil reaction 
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XKW) 

VX4 Of ‘0 + 

7.39 

7.«0 

7.81 

8.18 

tQDtO XN5D 

Ot'O + Trios 

7.39 

7.87 

7.80 

8.08 

XKXHlVanil BBUV 
SHiNOK OT Aarava 

0 K I M 0 a 0 aaxav 

8.22 

8.84 

7.87 

8.43 

7.80 

8.32 

SAva 481 aawv 

8.00 

8.70 

8.29 

8.67 

8.15 

8.50 

7.92 

8.39 

SAva 08 aaiav ® j 

8.74 

9.00 

8.56 

9.00 

8.15 

8.91 

8.29 

9.05 

SAva 9t aaiav 

8.05 

8.94 

8.11 

8.94 

8.15 

8.88 

8.32 

9.61 

SAva 92 aaxav 

8.50 

8.74 

8.25 

9.05 

8.29 

8.94 

8.53 

10.65 

SAva gj xauv “j 

8.00 

9.08 

8.05 

9.05 

8.36 

8.84 

8.53 

10.89 

sxva 4 aaxav 

8.56 

9.43 

8.50 

'9.85 

8.63 

9.47 

9.43 

11.51 

SAva t aaxiv ^*<1 

8.36 

9.26 

8 18 
10.00 

8.43 

9.43 

9.00 

11.68 

iKanivaax 

aauv Aiaxvioainii 

7.56 

8.56 
10.16 

7.56 
9.26 

10.96 

7.77 

9.05 

10.30 

7.35 

10.82 

12.45 

TREATMENT 

None 

0.07 per cent CaO 
0.28 per cent CaO. 
None 

0.07 per cent CaO 
0.28 per cent CaO 
None 

0.07 per cent CaO 
0.28 per cent CaO 
None 

0.07 per cent CaO 

0 28 per cent CaO. 

i 

s 

1 

8 

A 

Clay adobe 

Clay adobe 

Clay adobe 

Sandy loam 

Sandy loam 

Sandy loam 

Silty day loam 

Silty clay loam 

Silty clay loam 

Beach sand 

Beach sand 

Beach sand 

*1X08 <0 aaaiiaK 
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centrations are expressed as exponents, 7.10 being taken as neutrality, since it 
represents the H-ion concentration of pure water. The larger the exponent 
the greater is the intensity Of alkalinity. 

The results in table 1 indicate that immediately after the addition of CaO 
a very considerable increase in OH-ion concentration has been produced. 
With the larger application the increase is much greater than with the smaller 
quantity. Comparing the different soils, we find that the reaction of the 
clay adobe is least affected, while that of the sand undergoes the most marked 
change. Within three days there is a very great decrease in alkalinity in all 
cases. Thereafter the decrease is slower and six months later the treated 
soils still show an increased alkalinity due to CaO. The same soils when 
treated with equivalent or greater quantities of CaCOs do not have their 
reaction appreciably changed. All of the soils were slightly alkaline originally, 
but similar effects would probably be observed with acid soils, once an excess 
of CaO were added over that necessary to neutralize the acids present. In 
connection with the use of CaCOs, Plummer (5) has recently shown that cer- 
tain soils, to which a very large excess of CaCOs had been added, a number of 
years after treatment showed a decidedly high concentration of OH-ion. The 
carbonate seems to have reacted with the soil constituents, possibly forming 
silicates. 

As a further test of the effect of CaO, a preliminary vegetation experiment 
was made with barley. Soils 1, 2 and 3 were used after contact with CaO 
for six months as previoUsSly indicated. After harvesting the crop the re- 
action of the soils was determined again and it was found that no significant 
change in the OH-ion concentration had occurred. The alkalinity was still 
greater than that of the untreated soil, but no inhibition of plant growth could 
be observed. In this connection it should be remembered that any excretion 
of CO 2 by the plant roots would tend to decrease the alkalinity, at least in the 
adjacent region. 

In the course of another experiment two tanks of an acid fine sandy loam 
were treated with an excess of lime (about 0.5 per cent CaO), using on one lot 
CaO and on the other an equivalent quantity of CaCOs. After standing 
out-of-doors for one year, samples were taken from both tanks and the H-ion 
concentration determined. The soil treated with CaCOs gave an exponent 
of 8.05, while that treated with CaO gave 11.34, The latter represents an 
intense alkalinity and it is clear that complete carbonation did not take 
place even after a long period of time. Several tests were made on the nitri- 
fying power of the soil, 0.2 per cent (NH 4 ) 2 S 04 being used. The soil treated 
with CaCOs gave a nitrification of 100 per cent. In the case of the CaO- 
treated soil, no nitrification was observed after four weeks. 

Hutchinson and MacLennan (3, 4) have made extensive studies of the effects 
of CaO and CaCOa in producing a partial sterilization of the soil. They found 
that CaCOs did not produce such sterilization but that CaO was capable of 
accomplishing this result. The quantity of lime required seemed to, depend 
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upon the type of soil. These observations accord with the measurements of 
OH-ion concentration just described. In some soils there is considerable 
immediate chemical reaction between the CaO and some of the soil constitu- 
ents, so that the OH-ion concentration may never be excessive unless a large 
percentage of CaO is used. On the other hand, even a small percentage in 
other soils may cause initially a very high concentration of OH-ions. The 
maximum effect is noted in sand. After the first few days the alkalinity 
decreases in all soils, either because of continued chemical action or of slow 
reaction with CO 2 . 

In summarizing the present experiments we may say that CaO when first 
added to a soil produces a high concentration of OH-ion. This decreases 
markedly within a few days and continues to decrease slowly over a consider- 
able period, but the treated soils still show a greater intensity of alkalinity 
even after many months, as compared v/ith the untreated soils or those treated 
with CaCOs. When a considerable excess of CaO is used it is possible for cer- 
tain soils to maintain such a high concentration of OH-ion that nitrification is 
practically inhibited. Thus the ultimate effects of CaO and CaCOa may not 
necessarily be identical. It is highly desirable that more exact observations 
be made of the reactions (H-ion concentration) produced by lime in order that 
its effects, chemical and biological, may be compared with the measurements 
of this important and definite factor. 

SUMMARY 

1. The hydrogen-ion concentration* of several types of soil was determined 
after the addition of CaO and CaCO». 

2. The initial effect of both low and high percentages of CaO was to greatly 
increase the OH-ion concentration. This decreases with time but is higher 
than in the case of the untreated soil even after ten months. These results 
are discussed with reference to bacterial activity and partial sterilization of the 
soil. 
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It is a well-known fact that the physical and biological conditions of soils 
are usually improved by the addition of calcium compounds. The preceding 
article by Hoagland and Christie f8) described the effect of different forms and 
amounts of lime on the reaction of typical soils. This paper shows that the 
initially high alkalinity produced by calcium oxide is rapidly reduced and that 
this effect is most pronounced in heavy soils. It seems probable, therefore, 
that this decrease in alkalinity is not entirely due to carbonation but at least 
in part to chemical reaction with the soil. In the case of calcium carbonate 
Mclntire (11) states that when this compound is applied to soils in excess of 
the amount necessary for neutralization, the residual carbonate is gradually 
decreased, demonstrating ‘‘the existence of a long continued reaction between 
soils and carbonates.’’ 

The prevailing idea has been that lime compounds render certain other 
elements such as magnesium, potassium and phosphates more available, due 
to the phenomenon of interchange of bases. However, certain experiments 
seem to refute this theory. Lyon and Bizzell (9) found no increase of potas- 
sium in the drainage water or crops of limed soils, although magnesium was 
increased. The same authors in another paper (10) report the increase of 
soluble sulfates in limed soils. Btadley (3) found that gypsum acted as an 
indirect potassium fertilizer, while lime did not and that neither affected the 
water-soluble phosphates in soils. Briggs and Breazeale (4) have recently 
shown that pegmatite and orthodase as well as soils containing these minerals 
do not yield increased water-soluble potassium when shaken with an aqueous 
solution of calcium hydrate or calcium sulfate On the other hand, Andre (1) 
states that glauconite yields part of its potassium when treated with calcium 
carbonate. Morse and Curry (12) found that lime and gypsum increased the 
solubility of potassium in feldspar, claiming that this effect may not be ob- 
served when soils are similarly treated, owing to the removal of potassium from 
solution by the absorbent power of clay. Gaither (6) condudes that lime 
increases the availability of phosphates by replacement of iron and aluminum. 
He shows distinctly that silicates are decomposed but states that the assimila- 
tion of potassium by crops was decreased by caustic lime. 
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KjjecU of CaO and CaCO« on water extracts and osmotic pressures of soils 
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Itis evident from a consideration of these and other refeijences that there is 
considerable divergence of opinion concerning the effect of calcium compounds 
on the available nutrients in soils. The purpose of the present paper is to 
discover possible reasons for this apparent disagreement between the several 
investigations on the important question of the indirect fertilizing action of 
lime compounds. 

During an extensive investigation of the water extracts of soils carried on by 
this laboratory (5,13), the methods of analysis suitable for such extracts have 
been considerably improved and are believed to permit of more exact inter- 
pretation than was formerly the case. The present paper reports the data 
obtained from a study of the effects of calcium oxide and calcium carbonate 
on the concentration of the soil solution as measured by the water-extraction 
and freezing-point methods (2). 

DESCRIPTION OF SOILS 

None of the soils usied in this investigation were acid and therefore no por- 
tion of the lime applied was used for neutralization. In table 1 is given the 
type and previous treatment of each soil. It should be noted that sandy loam 
no. 1, silty clay loams no. 4 and no. 6a and clay adobe no. 7a contained rel- 
atively low amounts of water-soluble nutrients, due in the case of the sandy 
loam to excessive leaching and in the others to the depletions caused by several 
seasons^ cropping. The remaining soOs which had been stored in bins or 
fallowed for several years showed a considerably greater accumulation of 
soluble plant-food. This is in accord with the recent findings of Stewart (13) 
who has shown that stored or fallowed soils show greater concentrations of all 
nutrients save phosphates than the same soil under crop. Soils 4, 5 and 6, 
although from different localities, are of the same series, Yolo silty clay loam, 
according to the soil surveys of the Bureau of Soils of the United States De- 
partment of Agriculture. This will be referred to later in connection with the 
different effects of lime on these soils. 

PROCEDURE 

Six SOO-gm. portions of each air-dry soil were weighed mto quart jars. To 
two jars of each soil was added 0.5 gm. C. P. CaCOs (equal to an application 
of 2 tons per acre-foot of 4,000,000 pounds), which was mixed with the soil 
before moistening. The next two jars were treated with 0.28 gm. C. P. CaO 
(equivalent in amount of calcium to the CaCOs application), added in a water 
suspension. This was found to be the most eflacient method of mixing the 
oxide with the. soil. The remaining two jars were not limed and served as 
controls. Certain investigators have used excessive quantities of lime in 
similar studies. In order to make the results of practical value, the amounts 
of lime here used are comparable with moderate field applications. After 
the addition of the calcium compounds, sufficient distilled water was added 
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to all jars to bring the soil to optimum, following which the contents of each 
jar were again stirred. All jars were then allowed to stand one week at ordi- 
nary temperatures, being loosely covered to prevent excessive evaporation, yet 
allowing easy access of air. At the end of seven days, the contents of each 
jar were removed and mixed. A 100-gm. portion was dried to constant weight 
to determine moisture. A 340-gm, sample was extracted with five times 
its weight of distilled water after the manner described by Stewart (13). 
The remainder was used to determine the osmotic pressure of the soil solution. 
This was done according to the method of Bouyoucos and McCool (2) which 
consists in determining the lowering of the freezing point directly in the soil 
under optimum moisture conditions. 

Table 1 gives a complete resume of the results obtained. The concen- 
tration of the soil solution is reported in atmospheres of osmotic pressure. 
The analyses of the soil extracts are reported as parts per million of water- 
free soil. Below each pair of duplicate determinations is shown the average 
per cent of increase or decrease resulting from the CaO and CaCOs additions. 

DISCUSSION OF RESULTS 

In any chemical study of soil fertility it is essential to determine the prob- 
able variation inherent in the methods used. F’or a complete discussion of the 
methods of extraction and analysis used in this investigation the reader is 
referred to the recent work of Stewart (13). For present purposes it is suffi- 
cient to state that the maximum variation between duplicate extractions of the 
same soil, for any element, was found to be 10 per cent and that the mean 
factor of error is approximately 3 per cent. The usual close agreement between 
duplicates shows that large variations are the exception rather than the rule. 
No conclusions should be drawn except where the increase or decrease due to 
lime is well above the average error. 

Concentration of soil solution. Soils 1, 4, 6a and 7a show that the con- 
centration of the soil solution has been materially increased by the addition of 
lime, the effect of CaO being more pronounced than that of CaCOs. The 
remaining soils show little or no effect. It is interesting to note here that the 
soils showing increases are those recently cropped or having a low concentra- 
tion, while those showing no effect contain a much greater concentration of 
nutrients due to fallowing or storage. 

Total solids. Hoagland (7) has shown that although the 1:5 water ex- 
traction removes more material than is actually in the soil solution, there is a 
distinct correlation between these two values. In this connection it should 
be noted that the soils showing substantial increases of total solids on ex- 
traction are the same soils which show an increased concentration of the soil 
solution apd the percentage increases are of approximately the same magni- 
tude for both determinations. 



EFFECT OF CaO AND CaCO* ON NUTRIENTS IN SOILS 


389 


Calcium. The increases in the case of calcium are quite variable, the CaO 
on the whole giving more soluble calcium than the CaCOs. The manner in 
which the different soils react with lime compounds is reflected by the variable 
increases in water-soluble calcium. 

Magnesium. The cropped soils, nos. 1, 4 and 7a, show increases in soluble 
magnesium. In the case of soil 6 this tendency is reversed, the fallowed soil 
giving an increase and the cropped soil none. Soil 4 shows approximately a 
100 per cent increase in available magnesium which will be discussed later in 
connection with its possible effect on the lime-magnesia ratio. Soil 5 shows a 
distinct depression of soluble magnesium. 

Potassium. Soils 1 and 4 unquestionably show large increases of available 
potassium due to both CaO and CaCOs, CaO being the more potent. These 
two soils were the lowest in soluble potassium before treatment. The re- 
maining soils show no increase, and in fact soils 5 and 7b experience a con- 
siderable depression of soluble potassium due to the lime. An inspection of 
the results obtained for this important element points out a probable reason 
for the disagreement between various investigators concerning the effect of 
lime as an indirect potash fertilizer. 

Phosphate. Owing to the difficulty of obtaining closely agreeing dupli- 
cates in all cases, as well as to the small number of parts per million usually 
involved, no great confidence is felt in the results for this determination. How- 
ever, soils 1 and 4 show marked increases in available phosphate for both CaO 
and CaCOs treatments, which increases are believed to be significant. The 
remaining data are not sufficiently in agreement to warrant discussion here. 
It might be conceived that the increased alkalinity due to lime may repress 
phosphate solubility but little or no evidence in favor of this theory is noticed 
here. 

Sulfate The three cropped soils, nos. 1, 4 and 7a, and also 6b, produce 
increases irj soluble sulfates. This is ^specially marked in soil 1 which shows 
an increase of approximately 400 per cent for both CaO and CaCOa treatments. 
The two soils showing the greatest increases are those lowest in soluble sulfates. 

Nitrates. With the single exception of soil 7a, no soils show significant 
increases in nitrates. The small absolute increase of nitrates in this soil 
produces a large percentage increase, because of the low amount of nitrates 
resulting from crop depletion. It will be remembered that these soils had 
been allowed to stand only one week at ordinary temperatures. If nitri- 
fication may be taken as a partial index of bacterial activity in the soil, then 
the o^bserved effects of lime on these soils must be due to a purely chemical 
reac/ion and not to any stimulation of the biological agencies in the soil. 

GENERAL DISCUSSION 

|In order to demonstrate more conclusively the direct chemical effect of the 
ll e, another sample of soil 4 was treated with 0.4 per cent CaO (8 tons per 
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acre-foot) and allowed to stand only 24 hours before analysis. The following 
results unquestionably show the immediate chemical effect of the quicklime. 



Total solids. 

Ca 

Mg 

K 

POi 

NOi 


p.p.m. 

p.pM. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

Limed 

274 

34 

13 

32 

5 

19 

Not limed 

505 

64 

23 

46 

9 

14 


Larger portions of soils 1, 4 and 7a, in gallon crocks, after being treated with 
CaO and CaCOs, were planted to barley. The yield of barley in the limed 
soils reflected the beneficial effects of the calcium, being from two to three 
times greater than the controls. This increased yield may be largely accounted 
for by improved physical and biological conditions. Without giving the de- 
tailed figures, it may be stated that the analyses of the soils before planting 
showed marked increases in total solids, calcium, magnesium and potassium, 
and it is believed that these increases in available nutrients must account, at 
least in part, for the increased crop. 

It is a well-known fact that lime decomposes organic matter in soils and 
therefore it might well be contended that the increases in total solids were 
largely due to soluble organic matter. In the case of about half the soils 
examined, the electrical conductivity of the soil extract was measured. The 
figures obtained were in direct relation to the total solids determination, show- 
ing that at least the greater part of the increases were due to inorganic and not 
to organic matter. 

Certain other inorganic elements, such as sodium, silicon, etc., have not 
been determined. Where increases in the nutritive elements do not account 
for the total increase in total solids, it is probable that such other undeter- 
mined elements have been made more soluble. Gaither (6) has previously 
shown the decomposition of silicates in^ soils by lime. It would be perfectly 
reasonable to assume that other elements such as silicon and sodium have been 
rendered more soluble in some of the soils. 

Soils S and 6b are of the* same type and series and yet react with lime in 
different fashion. This indicates that the changes induced by liming are more 
deep-seated than can be accounted for by soil classification. 

' Lyon and Bizzell (9) found in a certain soil that the addition of lime caused 
a, narrower lime-magnesia ratio in the drainage water. If there is any value in 
a certain lime-magnesia ratio for soils, it must be concerned with the water- 
soluble elements. An inspection of the figures for calcium and magnesium 
in soil 4 shows that while the original soil had a lime-magnesia ratio of 2:1, 
after liming the ratio became 1:1, as a result of the liberation of magnesium 
by the calcium. Certain of the other soils produced a broader ratio due to 
increases in calcium or depressions in magnesium, or both. It is seen from tliis 
that the calcium-magnesium ratio of a soil solution cannot be predicted prior 
to the addition of lime. 
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It is evident from the data considered that all soils do not react chemically 
with lime in the same manner. Furthermore, even the same soil under 
different concentrations of soil solution, due to cropping or fallowing, may 
react differently. No attempt is made to explain the reasons for the changes 
observed. Evidently, the addition of lime compounds changes the equilibrium 
in the complex soil solution and the resultant effects are varied and impossible 
to predict. Further study involving determinations of all the elements con- 
cerned would be necessary before even a plausible hypothesis could be advanced. 

SUMMARY 

1. The direct chemical effects of CaO and CaCOj on the water-soluble 
nutrients in 7 soils of 3 different types have been studied. Supplementary 
data by freezing-point and conductivity methods have been obtained. 

2. CaO and CaCOs increased the water-soluble potassium in only 2 soils, 
and in 2 soils caused a depression. Soluble magnesium was increased in 4 
soils, and decreased in 1 case. Soluble sulfates were increased in 4 soils. Only 
2 soils showed a significant increase in phosphates. 

The effects of CaO are more pronounced than those of CaCOs. 

3. The effect of lime on soils depends in part upon the previous treatment 
of the soil, particularly with respect to the concentration of the soil solution. 
A greater effect was observed in soils having a low initial concentration. 
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INTRODUCTION 

Three recent articles (1, 2, 4) dealing with the relative “rawness,” or un- 
productivity, of subsoils as compared with surface soils make it appear that 
the prevailing views upon the subject rest upon an uncertain foundation. 
The unproductivity of the subsoils of humid regions has long been recognized, 
as Alway, McDole and Rost (2, p. 9-10) have pointed out, and no distinction 
has been made between non-leguminous plants and inoculated legumes. On 
the contrary, the subsoils of arid regions have been regarded as characterized 
by a lack of any such rawness, Hilgard’s views upon these having been accepted 
without question. 

Alway, McDole and Rost presented evidence from both pot experiments and 
field observations in support of the view that certain humid subsoils, viz., 
those developed on the loess of eastern Nebraska, with inoculated legumes are 
practically as productive as the corresponding surface soils, although very 
unproductive with non-leguminous plants. 

Lipman (4) denies the correctness of Hilgard’s views upon the rawness of 
arid subsoils in so far as these concern non-legumes, and concludes from his 
own observations in California that the subsoils of arid regions are practically 
as raw toward such plants as are the typical subsoils of humid regions. He 
further questions the actual existence of any proof of the rawness of humid 
subsoils toward legumes, or, as he puts it, whether legumes will not grow on 
these. But, as Alway has emphasized (1, p. 197), the question of rawness 
depends not upon whether the plants will merely grow but upon whether they 
will Ihrivef or make a growth at all comparable with that on the corresponding 
surface soils. 

The experiments described below, undertaken at the suggestion of Dr. F. J 
Alway and carried out as subsidiary to a chemical study of prairie soils in 
comparison with those still covered with virgin forest, furnish evidence of 
as great a productivity in the case of some of the forest subsoils as that of the 
subsoils of the prairie-covered loess reported by Alway, McDole and Rost, 
while the corresponding prairie subsoils, with fewer of the characteristics typical 

‘ Published with the approval of the Director as Paper No. 113, of the Journal Scries of 
the Minnesota Agricultural Experiment Station. 
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of those of humid regions, were found to be decidedly unproductive. As the 
author^s work on the subject has now been interrupted for an indefinite period 
the data so far accumulated are presented below. 


PROPERTIES OP THE SOILS 

The location of the fields from which the soils were secured and the differences 
in precipitation and natural vegetation are shown in figure 1. In the case of 





timS§rmrtf0 




Fig. 1. Map of Portion of Minnesota 

Showing sources of soils used, boundaries of the Late Wisconsin glaciation (after Leverett, 
3, p. 32), normal precipitation (after Purssell, 3, p. 22), and distribution of forest and prairie 
(after Upham and Butters, 3, p. 39). 


all except those from Blackhoof and Nickerson, both surface soil and subsoil 
consist of till from the Late Wisconsin glaciation. The Blackhoof soils are of 
lacustral origin, having been deposited in glacial Lake Duluth (3, p. 32) and 
the Nickerson samples are from a very sandy moraine at the edge of this lake. 
Accordingly, all except those from Nickerson are products of the very latest 
continental ice sheet and so have been exposed to the action of the weather 
and of vegetation for approximately the same length of time. 

In table 1 are indicated the important properties of the different soils used 
in tM vegetation experiments. The organic carbon was determined by com- 
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bastion with copper oxide in a current of oxygen. The degree of acidity 
reported is that found by the Truog method. Eiffervescence was tested by 
treating the thoroughly moist sample with 10 per cent hydrochloric acid. It 
will be seen that in the case of a few soils the reaction became less acid during 
the course of the experiment, as the result of the use of tap water which cod- 


table i 

Composition and properties of the soils used 




1 


§ 

s 

i 

& 

REACTION OF SOIL 


LOCALRY 

DSFTB 

P 

1 

a; 

g 

u 

1 

i 

i 

At beginning 

At conclusion 

EFFERVESCENCE 
WITH HCl 




per 

cent 

per 

cent 

per 

cent 




Canby | 

1 to 6 in. 


0.329 

4.015 

6.922 

Neutral 

Neutral 

None 

3rd ft. 

23.24 

0.051 


1.328 

Neutral 

Neutral 

Strong 


1 to 6 in. 



4.444 

7.662 

Neutral 

Neutral 

None 

Morris ^ 

1st ft. 

27.78 



5.695 

Neutral 

Neutral 

None 

3rd ft. 

18.16 

0.042 


1.107 

Neutral 

Neutral 

Strong 


5th ft. 

17.39 

0.013 


0.421 

Neutral 

Neutral 

Strong 

Renville. . . | 


35.91 

0.393 

5.134 

8.852 

Neutral 

Neutral 

None 


27.28 

0.051 


1.491 

Neutral 

Neutral 

Strong 

Hamel \ 


23.02 


2.405 

4.146 

Slightly acid 

Very slight- 
ly acid 

None 

\ 


26.72 

0.048 

0.390 

0.672 

Neutral 

Neutral 

Very slight 

Taylor* / 


19.47 

0.152 


3.276 

Slightly acid 

Slightly add 

None 

Fall*. \ 


18.12 



0.428 

Slightly acid 

Neutral 

None 

f 


35.13 

0.188 

2.732 

4.710 

Medium acid 

Medium add 

None 

Blackhoof < 


41.91 

0.026 



Neutral i 

Neutral 

Strong 

1 



0.022 



Neutral 

Neutral 

Strong 

f 


6.95 

0.068 



Stron^y acid 

Medium acid 

None 

Nickerson < 

3rd ft. 

1.56 


1 

0.162 

Very slight- 
ly acid 

Neutral 

None 


* Computed from ozganic carbon. Organic matter » C x 1.724 


tained a considerable amount of calcium bicarbonate. As a single-valued 
expression of the texture the moisture equivalent is reported. 

Three sets of soils, those from Morris, Blackhoof and Nickerson, were 
taken from a single field each. The samples from Morris were composites 
from 20 pits 2 rods or more apart, and those from Blackhoof from 3 pits 5 rods 
apart, while those from Nickerson were from 10 pits 16 rods or more apart. 
The sets from the four other localities were each compKisites from 3 fields, 2 
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miles or more apart. In each of these latter fields, composite samples were 
prepared from S pits 2 rods or more apart; the same volume of soil from each 
pit was used in making the field composites and the same weight of each of 
these field composites in making the area composites used in the vegetation 
experiments. 

None of the fields had ever been brought under the plow, those at Canby, 
Renville and Morris being prairie fields used as meadows, while those at 
Hamel and Taylors Falls formed remnants of the original deciduous forest, 
few trees having been cut and no sign of injury by fire being found. The 
original forest of red and jack pine at Nickerson and of white pine at Blackhoof 
had been cut off by the lumbermen and both areas had, some twenty-four 
years ago, been burned over by severe forest fires. A young growth, chiefly 
deciduous, had since sprung up. 

The bulk soils after reaching the laboratory were exposed to the air long 
enough to make them almost air-dry, then thoroughly mixed and tamped into 
the vegetation vessels. 

EXPERIMENT I. SOILS FROM THREE LEVELS 

In the first experiment, IQlS-lQld, soils from only Morris and Blackhoof 
were employed, each being represented by three samples, viz., the surface 
6 inches and the third and fifth feet from the latter and the first, third and 
fifth feet from the former. Wooden boxes, 12 inches square and 8 inches deep, 
coated on the inside with pitch tar and provided with holes in the bottom 
for drainage, were employed as vegetation vessels. Four were filled from each 
sample. The soil was thoroughly moistened and at once planted to corn, but, 
at the end of two weeks, and before the plants had begun to show any distinct 
differences, the corn was removed, two of the boxes planted to barley and the 
other two to alfalfa. All the soils were kept well moistened with tap water. 

The barley, early thinned to 12 plants per box, made a normal growth 
on the surface soil, producing well filled heads, but that on the subsoil was 
stunted, yellowish-green in color and formed very little seed. The alfalfa, 
at the end of about two weeks was thinned to 18 plants per box and treated 
with a suspension prepared by macerating nodule-bearing alfalfa roots in 
water. A second application insured the inoculation of all the plants, as indi- 
cated by their dark green color. Threecrops were harvested. The appearance 
of the plants (plate 1) and the yields (table 2) indicate that the subsoils from 
both places were quite raw, being practically as unproductive of alfalfa as of 
barley. The latter was not cut until it was thoroughly ripe, but before the 
total dry weight and the weights of grain had been determined the plants were 
accideijtally destroyed. The heads of the plants from the subsoils contained 
very few seeds, thus making the differences between the surface soil and sub- 
soil crops touch greater than the number of heads would indicate. 
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EXPERIMENT U. SOILS PROM TWO LEVELS 

In the second experiment only two depths were represented, the surface 
6 inches and the third foot. Fresh material from Blackhoof and Morris 
was employed along with recently collected samples from the other places. 
The soils, prepared as in the first experiment, were placed in galvanized iron 
pots, 12 inches deep, with a surface area of 0.75 square foot, and painted on the 
inside with pitch tar. Drainage was effected by holes in the bottom and a 

TABLE 2 

Yields of crops in first experiment 



% 

First 

Second 

Third 

Total 

Green 

No. of 

No. of 

Average 

No. of 


§ 

crop 
June 12 

crop 
July 19 

crop 
Sept. 30 

crops 

weight 

culms 

plants 

height 
of plants 

heads 


Prairie soil from Morris 


First foot 

/» 

em. 

21 4 

gm 

13 1 

gm. 

13.4 

gm. 

47 0 

gm. 

72.7 

28 : 

12 

inches 

32 0 

21 

\2 

20 0 

15 5 

14 0 

49.5 

67.0 

23 

11 

33.0 

15 

Average 


20.7 

14.3 

13 7 

48.7 

69.8 

25 

11 

32.5 

18 

Third foot 

/I 

3 8 

4 0 

5 7 

13 5 

18 3 

10 

10 

19.5 

8 

\2 

4 0 

5 1 

6.3 

15 4 

17 Oj 

11 

11 

19.0 

7 

Average . . 


3 9 

4.5 

6 0 

14 4 

17.6 

10 

10 

19.2 

7 

Fifth foot 

/I 

1 8 

1 7 

2.4 

5 9 

8 3 

9 

9 

16.0 

7 

\2 

2 2 

2.4 

2 3 

6 9 

9 5 

12 

11 

15.0 

5 

Average 


2 0 

2 0 

2 3 

6 4 

8 9 

10 

10 

i 

15.5 

6 


Porci>t soil from Blaikhoof 


i 

/ 1 

27 8 

28 

4 

19 0 

75 2 : 

92 0 

41 

11 

32.0 i 

21 

1 to 6 inches 1 

1 

\ 2 

33 1 

36 

1 

6 

23 9 

93 6 

112 0 

38 

10 

33.0 

15 

Average . . 


30 4 

32 

5 

21 4 

84 4 

102 0 

40 

10 

32.5 

18 

Third foot 

/I 

3 8* 

3 

5 

2 6 

9 9 

12.0 

10 

10 

19.5 

8 

\2 

2 5 

2 

1 

1 8 

6 4 

10 0 

i 11 

10 

19 0 

7 

Average . . 


3 1 

2 

8 

2 2 

8.1 

11 0 

10 

10 

19.2 

7 

Fifth foot 

/I 

2 8 

2 

2 

1 6 

6 6 

9 5 

12 

12 

16 0 

7 

\ 2 

3 0 

2 

7 

1 6 

7 3 

9.0 

11 i 

12 

15.0 

5 

Average 


2 9 

2 

4 

1 6 

6 9 

9.2 

1 

12 

15 5 

6 


half-inch layer of coarse gravel. In this experiment, instead of sowing seed, 
the writer transplanted 10 alfalfa plants secured from a field sown 5 months 
before, care being taken to select roots of uniform size. As only plants with 
adhering nodules were employed it appeared unnecessary to take any further 
measure to insure inoculation and none of the plants at any subsequent time 
gave evidence of lack of inoculation. The soil was moistened, the roots spread 
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TABLE 3 

Yidds of dry matter from four crops of alfalfa^ number of plants surviving and weight of roots 





1 to 6 inches. 
Average. . , 


1 7.7 14.8 15.2 27.3 13.3 70.6 9 41 16. 

2 8.0 13.8 14.0 27.8 14.5 70.1 7 37 16. 

7.8 14.3 14.6 27.5 13.9 70.3 8 39 


Third foot. 
Average. 


1 to 6 inches 


Average. 


1 8.0 3.0 6.7 3.8 0.6 14.1 8 28 21. 

2 4.6 4,8 6.8 4.2 0.7 16.5 9 20 21. 

6.3 3.9 6.7 4.0 0,6 15.3 8.5 24 



1 4.9 20.8 22.4 25.9 15.4 84.5 7 39 

2 5.1 19.1 19.3 24.7 12.3 75.4 2 26 

5.0 19.9 20.8 25.3 13.8 79.9 4.5 32.5 

1 8.1 16.9 19.0 22.9 12.7 71.5 10 

6.6 21.7 20.3 22.9 16.0 80.9 7 

7.3 19.3 19.6 22.9 14.3 76.2 8.5 



Third foot. 
Average. 


42 

36 

39 


21.4 

21.4 














399 


“kAWNESS” OE S01<E HCUID SUBSOILS 


TABL£ 3*~Contioued 



YIELD OY DBV MATTES 

& 

1 

I 


Prclimi- 









nary 

First 

Second 

Third 

Fourth 

Total 


s 

6 

crop 

Decem- 

crop 
May 14, 

crop 
June 25, 

crop 

August 

crop 

Octooer 

for 4 

as 

o 

§ 

1 

her 19, 
1917 

1917 

1917 

18, 1917 

3, 1917 

crops 


6 

* 


Taylors Falls 





gm. 

gm. 

gm. 

gm. 

gm. 

gm. 


gm. 

kgm. 

1 to 6 inches 

/ 

1 

4 6 

20 9 

17 0 

20.2 

13.5 

71.6 

I 6 

37 

21.9 

\ 

2 

7 0 

22.5 

18.5 

24.6 

14.1 

79.7 

7 

41 

21.9 

Average 


1 5 8 

21.7 

17 7 

22.4 

13.8 

75.6 

6.5 

39 


Third foot 

/ 

1 

6.8 

24.5 

20.5 

21 9 

15.2 

82.1 

10 

36 

22.4 

\ 

2 

6 3 

20.0 

18 3 

25 6 

14.8 

78.7 

10 

38 

22.4 

Average 



6,5 

22.2 

19.4 

23.7 

15.0 

80.4 

10 

37 



Blackhoof 


1 

1 to 6 inches 

1/1 

6 9 

24.1 

19.4 

32.0 

19.2 

94.7 

7 

48 

19.6 

\ 2 

7 2 

25 2 

26 8 

32 9 

22.2 

107.1 

4 

43 

19.0 

Average 

7 0 

24.6 

23 1 

32 4 

20.7 

100.9 

5.5 

45.5 


Third foot 

/I 

6 6 

2 4 

6.1 

4 7 

1.1 

14.3 

9 

18 

18.6 

\2 

6.0 

4.9 

6.0 

7.2 

2 2 

20.3 

6 

20 

18.6 

Average 

6.3 

3.6 

6.0 

5.9 

1.6 

17.3 

7.5 

19 



Nickerson 


1 to 6 inches 

/ 

li 

5.9 

24.5 

17.3 

21.8 

13.3 

76 9 

5 

37 

22.9 

\ 

.2 

4.3 

28.4 

23.3 

19.2 

11.9 

82 8 

3 

25 

22.9 

Average 

i 

5.1 

26.4 

20.3 

20 5 

12 6 

79.8 

4 

31 


Third foot I 

/ 

1 

6 6 

13.7 

10.3 

12.5 

5.1 

41.6 

6 

28 

26.8 

\ 

2 

5.4 

12.7 

12.2 

13.3 

5.7 

43.9 

10 

28 1 

26.8 

Average | 


6.0 

13.2 

11 2 

12.9 

5.4 

42.7 

8 

28 



out as much as possible, the soil pressed firmly about them and more water at 
once added. By the use of this method it was hoped that a crop would be 
obtainable in a shorter time and it also promised to assure the penetration of 
the fine-textured subsoils by the roots, which it was suspected might have 
partly caused the poor yields of alfalfa in the first experiment. 

The transplanting was done on November 12, 1916, and the first crop 
developed very rapidly during the following two weeks, doubtless as a result 
of the supply of nutrients in the transplanted roots. At the end of five weeks, 
on December 19, the growth had practically ceased, and the tops were re- 
moved, a remarkably uniform yield from all the soils being shown (table 3). 
After this first, or preliminary crop, the plants made little growth for several 
months, the next cutting being secured on May 14. Three additional crops 
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were obtained, harvested on July 25, August 18 and October 3. The pre- 
liminary crop is not included in the total yields, as this is not to be attributed to 
nutrients derived from the respective soils. After harvesting the last crop 
the roots were carefully removed from the pots, washed to free them from 
adhering soil, dried and weighed. In all pots the roots were well scattered 
throughout the soil mass, penetrating to the bottom and into the washed 
gravel placed there to facilitate drainage. 

The yields from the duplicate pots were very similar, in fact so nearly alike 
both in the different crops and in the total for all four that the use of single 
pots of each soil would have led to exactly the same conclusions as to their 
relative productivity. The content of nitrogen and that of organic matter in 
the productive subsoils from the forest fields were rather lower than those 
of the prairie subsoils which proved raw. 

TABLE 4 


Dry matter in the tops from four crops of alfalfa and in the roots at the end of the experiments 


son, 

TOPS 

PkODUC- 
TIVITY OP 
SUBSOIL 

ROOTS 

RATIO or TOPS TO 
ROOTS 

Surface 

Subsoil 

Yield on 
surface 
soil « 100 

Surface 

Subsoil 

Surface 

Subsoil 

Canby. , . 

gm 

51 8 

gm. 

19 8 

38 

gm. 

27 5 

gm. 

30 0 

1.9 

0.7 

Morris . ... 

84 4 

23 6 

28 

37 0 

24.5 

2.3 

1 0 

Renville. . . ... 

70 3 

15 3 

22 

39 0 

24 0 

1.8 

0.6 

Hamel .... 

79 9 i 

76 2 

95 

32 5 

39 0 

2.5 

2,0 

Taylors Falls . . 

75 6 

80 4 

106 

39.0 

37.0 

1.9 

2.2 

Blackhoof . 

100 9 

17.3 

17 

45.5 

19.0 

2.2 

0.9 

Nickerson 

79 8 

42.7 

54 

31.0 

28 0 

2.6 

1.5 


In four of the seven sets, those from Morris, Canby, Renville and Black 
hoof, the yield on the subsoil was only from one-sixth to two-fifths of that on 
the corresponding surface soil (table 4). In the Nickerson set the yield on the 
subsoil was slightly more than half that on the surface material. In the case 
of the forest-covered fields at Hamel and Taylors Falls the subsoils yielded as 
well as the corresponding surface soils. Four of the seven subsoils, those from 
Morris, Canby, Renville and Blackhoof, were very rich in carbonates, all 
showing a strong effervescence with hydrochloric acid. The fields at the 
first three places were prairies and the rainfall at all three is lighter than at 
Hamel or Taylors Falls where the subsoils showed little carbonate. 

From table 3 it will be seen that while the number of surviving plants varied 
from 2 to 10 per pot, the weight of the roots varied but little. Where only a 
few plants had survived the roots of these showed a much greater development 
than where few or no plants had died. That this variation in the number of 
surviving plants exerted no distinct influence upon the yield of alfalfa may be 
seen by comparing the yields from the duplicate pots, those from Hamel 
and Blackhoof furnishing especially good illustrations. 
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llie fact that in the case of the four surface soils corresponding to the 
m^rdductive subsoils the yields of alfalfa vary with the weight of the soil in 
the pots, would suggest that the amount of soil to which the roots had access 
had a much greater influence upon the yields than did the number of plants. 

suHMaay 

Alfalfa was grown in the greenhouse on seven sets of Minnesota glacial 
soils, each set consisting of the surface 6 or 12 inches of virgin soil and the 
corresponding subsoil taken from the third foot. Three sets were secured 
from prairie fields with a very calcareous subsoil and the others from forested 
areas* Two of the subsoils, both low in carbonates and from forest fields, 
3 delded as well as both the corresponding and the other surface soils, while the 
five other subsoils gave yields only from one-sixth to one-half as high as the 
correspondmg surface soils. The nitrogen content of the productive subsoils 
was no higher than that of those which proved “raw.^^ 

Thus, in the humid state of Minnesota, some of the glacial subsoils are as 
produ(^ve of alfalfa as surface soils when inoculation is assured, but others 
are quite unproductive, and the rawness is not associated with an especially 
low nitrogen content or with a lack of carbonates. 
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Alftlfi and bailigr on sdl from the difieient foot leveb (first, third and fifth), showinf 
tiie mqprodaetfad^ «f th^^bsoib toward both crops. In the Bladchoof set the surface 
attaple was from only thejfirst hatf-foot section. 
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CHEMICAL CRITERIA, CROP PRODUCTION AND PHYSICAL 
CLASSIFICATION IN TWO SOIL CLASSES 

JOHN S. BURD 

Cali/omia A^riaUturat Experiment Station 
Received for publication ^ril 22, 1018 

Several publications (1, 3, 7) were recently issued from this laboratory 
embodying the results of an extended series of studies of soils in the cropped 
and the uncropped condition. The general conclusion presented in these 
articles was that there is a much closer relationship between the soil solution 
and water extracts of soils than is commonly supposed. The studies referred 
to also included a comparison of the results of analysis of all of our soils by the 
complete (fusion method) hydrochloric acid (sp. gr. 1.115) and citric add 
(1 per cent) extraction methods. These latter results were not published in- 
asmuch as they showed little or no relation to crop production and served only 
to fix our long held conviction that the first two methods at least arc absolutely 
worthless as criteria of the present productivity of soils. Since our work on 
water extractions appeared, however, we have received a number of requests 
for information as to the other chemical characteristics of our soils. It there- 
fore seems desirable to publish these latter in order that others may be able to 
draw their own conclusions as to the relative value of the various methods. 

We have been unable to avoid the conclusion that in spite of incondusivc 
or negative results in the application of the various methods referred to, many 
workers continue to draw inferences from data obtained by their use as to the 
fertility of soils at present or in the near future. One of these methods is also 
frequently used for classifying soils with reference to their probable endurance. 
Results obtained by all methods are perhaps applicable to a discussion of the 
relatbn between chemical composition and physical texture. Our data seem 
to lead to certain conclusions with reference to all of these points and thus 
further justify their publication. 

The origin, phyucal composition, behavior under crop, periodic results of 
water extractions and much other data concerning the soils discussed in this 
article arc described elsewhere (7) in great detail. We shall limit our descrip- 
tions here to the mechanical analjrses, but use such designating numbers and 
esqpressions as will enable the reader to refer readily to the article cited. 

The aoils used were ail selected with reference to the United States Bureau 
of Soils classification. They comprised 5 silty day loam soils of a sin^e series 
and 8 fine sandy loams of different series. Our objective in sdecting these 
soils was to obtain one grot^ of as nearly identical physical texture and origin 
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as possible and another group which should belong to an identical class but 
differ in that the individual representatives belong to different soil series. 
The presence of the single clay loam is due to an erroneous preliminary phjfsi- 
cal classification. It is so very similar in its chemical properties to the silty 
clay loams that for most purposes we have grouped it with these latter. All 
soils have been cropped and under continuous observaffon for three years. 
They are kept in tight containers 30 by 60 inches in area, 18 inches deep, and 
watered with distilled water. 


TABLE A 

Mechanical Analysis. (Averages of two analyses) 


CLASS 

SaTV CLAY LOAMS 


Series 



Yolo 



1 

1 








m 

£ 

SqUNo. 

1 

2 

3 

4 

5 

6* 

7 

8 


per 

per 

per 

per 

per 

per 

per 

per 


cent 1 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

Fine gntvel 

Cosnesaad 

0.00 


I 

0.00 



0 04 



0 15 

0.60 



1.84 

0 746 

2.82 

1.95 

Medium sand 
(0.5*0.25 mm.) 
Fine sand (0.25- 

0.23 

1.50 

1.04 

1.24 

1.70 

0.574 

2.87 

3.19 

0.010 mm.). . . 

1.69 


3.53 

5.47 

9.61 

1.786 


21 22 

Vety fine sand 
(001-0.05inm.) 
Sflt (0.05-0.005 

32.62 

31.26 

26.28 

30.32 

32.73 

21 775 

S3 67 

50 63 

ffsm ) 

42.68 

36.97 

38.12 

37.99 

30.52 

37.415 

16.01 

17.57 

day (0.005-0 

mm.) 

24.17 

22.47 

28.47 

mg 

24.72 

39.380 

9.77 

5.56 


Sum of percent- 




1 





ages 

101.54 

100.80 

98.68 

102.19 

101.12 

101 676 

100.58 

100.12 

Gravel removed 

by previous 
saneeniDg 

0.11 

0.09 

0 39 

6.1.5 

3.38 

0.11 

3.64 

0.99 


rant SADDY UMM 


Kimball 

Tejunga 

1 

Arnold 

1 

1 

9 

10 

11 

12 

13 

14 

per 

P9r 

per 

per 

per 

per 

cent 

cent 

cent 

cent 

cent 

cent 

0 016 




0.04 


9.986 

1.57 

2.77 

4.99 

7.77 

3.09 

6.308 

2.94 

2.818 

4.38 

14.55 

4.05 

21.730 

16.62 

20.945 

23.27 

13.49 

24.54 

43.67 

38.76 

39.34 

46.24 

15.70 

38.94 


26.25 

19.075 

9.61 

34.72 

15.55 

8.19 

13.37 

14.62 

9,44 

12.95 

13 87 

100.77 

99.51 

99.568 

97.93 

99.22 

100.04 

6.41 

0.59 

2.12 

1.57 

1.15 

2.21 




TIME as EXAUINATION OS SOILS 


The complete analyses and those of the extracts obtained by hydrochloric 
and citric add were made only once and at the commencement of our eiqpeii* 
ments. The results by water extractions, however, varied from day to day 
and were very low with soils under crop at the height the growing season. 
It is evident that determinations at no single date could represent the potential 
fsditity of a soil. Ihe data on water extractions are therefore the averages 
cl the 'results of periodic examinations of uncropped soils in the year 1916 
wh^ die soils had been in place for an entire calendar year and had had every 
-cpporl^ty to come into equilibrium with their local environment. 
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FORM OF REPORTING RESULTS 

Analyses of the hydrochloric and citric acid extracts are usually reported in 
the conventional forms; potash (KaO), lime (CaO), magnesia (MgO) and 
phosphoric acid (PaOs), etc. Complete analyses are sometimes reported as the 
elements and sometimes in the conventional forms. Water extractions are 
usually reported in terms of parts per million of the various ions. For purposes 
of comparison of the different methods it is deemed desirable to report all 
results in terms of the conventional forms. Results by the first three methods 
are expressed as percentages, but those from the water extractions will be 
expressed as parts per million, since the conversion of these to percentages 
seems to subserve no useful purpose. 

TABULATION OF DATA 

The analyses by the complete (fusion) method and those by the hydrochloric- 
acid-extraction method comprised determinations of all of the usual constitu- 
ents. Those by the citric acid and water extractions were confined to the 
elements potassium, calcium, magnesium and phosphorus. Nitrogen (NO.?) 
determinations on the water extracts were made and will be included for cer- 
tain purposes. In tables 1 and lA we include all of tlie results of analysis by 
the complete and hydrochloric acid methods for purposes of record only. The 
discussion will be based on the figures for the more important constituents, 
and since the results of the citric acid and water extractions are limited to 
these constituents, the results by all methods are included in tables 2 and 2A. 

CHEMICAL CRITERIA AND PHYSICAL TEXTURE 

A basic principle in the use of chemical criteria for estimating soil fertility 
is that soils of the same physical texture shall be compared among themselves. 
Obviously no two soils are of absolutely identical physical texture and the 
strict application of the principle would nullify the value of any comparison. 
To justify the utility of such comparisons we must assume that the soils com- 
pared, if not identical in physical texture, are either so similar that they would 
permit of equal root dispersion or so “light’’ that resistance lo root dispersion 
becomes an insignificant factor in crop production. Our five silty clay loam 
soils belong to an identical series and class according to the United States 
Bureau of Soils classification. They are therefore quite similar in physical 
texture, and because of the special care taken in their selection, are probably 
more nearly alike than an equal number of soils of the same kind taken in the 
course of a soil survey. If there is any validity in the physical classification, 
the chemical criteria should be strictly comparable among themselves. The 
fine sandy loams belong to an identical class, but are from different series of the 
United States Bureau of Soils classification. These soils, however, are of a 
kind in which resistance to root dispersion is unquestionably low. Their 
ch^^cal characteristics are therefore logically comparable. 
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Silty* cldy loofH soils of the some class and series. Arranged in order of crop {barley^ producing power 
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cent 
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cent 

2 46 

3 49 

2 72 
3.01 
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COMPLETE ANALYSES 1 
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Determination of the seasonal averages was unnecessary because of the low range observed and the lack of success in growing a crop 
t p.p.m.s parts per million. 
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CHEMICAL ANALYSIS AND PRESENT PRODUCTION 

If crop growth is dependent upon the ability of the soil to maintain the con- 
centration of individual ions in the soil solution (1^ 2), it would seem that any 
rational method should tend to show lower figures in soils of low production 
than in the better soils. The number of instances in which the poorer of a 
group of soils give lower results by any method than those from the better soils 
may be used as a rough measure of the rationality of the method. This, of 
course, is strictly true only in case all of the important soil constituents are 
included. None of the methods used, with the exception of the water extrac- 
tion method, takes cognizance of the nitrate content of the soil. This being 
the case, the other methods must justify their use in soil fertility studies on the 
basis of the remaining constituents. 

We have observed in our studies of periodic water extractions that a rise in 
nitrate content of a given soil is invariably attended by a rise of basic constitu- 
ents and notably calcium, pointing to a close relationship between biological 
activities and the solutes found. In water extractions, the non-nitrate mineral 
constituents thus become of increased importance as an index of biological 
activity. No such advantage accrues to the other methods since the intensity 
of action of the reagents doubtless obscures the effects of organisms. 

In tables 2 and 2a we have indicated by bold-faced figures those instances 
in which a given constituent of the poor or medium soils is lower than the same 
constituent in all of the good soils of the same group. The apparent deficien- 
cies of both groups may be combined and summarized^ in two ways. 


First: Instances in which the poor and medium soils show lower figures 
than all of the good soils of their respective groups: 



KtO 

CaO 

MgO 

P40« 

TOTAL (EX- 
CLUDING 

NOl) 

NOl 

TOTAL (IN- 
CLUDINO 

NOl) 

Complete 

1 

1 

0 

0 

2 


2 

Hydrochloric extraction 

mm 

1 

0 

0 

1 


1 

Citric extraction 

WM 

0 


0 

7 


7 

Water extraction 

3 

3 


3 

13 

3 

16 

Possible maximum 

6 

6 

1 

6 

24 

6 

30 


Second: Instances in which the poor soils show lower figures than all of the 
good soils of their respective groups: 



KsO 

CaO 

MgO 

FlOi 

TOTAL (XX- 
CLODZKO 
NO.) 

NOl 

TOTAL (jOh 
cumMQ 
NOl) 

Complete 

0 

1 

0 

0 

1 


1 

Hydiodllloric extraction 

0 

1 

0 

0 

1 


1 

Citric extraction 

1 

0 

2 

0 

3 


3 

Water extraction 

2 

3 

3 

1 

9 

3 

12 

pQSSiblp maximum 

3 

3 

3 

3 

12 

3 

15 


^ Soils 6 and 13 are not included in the sununaries, although their inclusion would not 
change the conclunons fairly deducible therefrom. 
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The persistence with which low figures appear in water extractions of poor 
soils cannot be regarded as without significance. The same is true to a lesser 
degree of the citric-acid extractions, but certainly little can be said in favor of 
the use of either of the other methods for appraising the crop-producing power 
of soils. 

We have purposely eliminated soil 13 from these comparisons for the reason 
that each and every constituent by the first three methods is very much below 
the same constituent in even the poorest of the other soils. All of the methods 
show serious deficiencies of the more important constituents so that any method 
would point out the limitations of this soil with reference to crop production. 
Indeed, a determination of silica alone should be indicative of its low 
fertility. 

The use of chemical methods which are incapable of bringing out substan- 
tial differences between soils producing at the rate of 45 to 56 bushels of barley 
per acre and those producing at the rate of 80 or more bushels can hardly be 
justified. Water extraction does bring out substantial differences between 
soils; differences, moreover, which are less perceptible by other methods and 
which furthermore seem to be in general accord with the soils’ crop-producing 
power. 

It may perhaps be urged that a study which is limited to two classes of soil 
cannot have very general application. If, however, the chemical char- 
acteristics of the mineral components of soils have any influence on crop pro- 
duction, their effects should appear in each and every soil where they are not 
masked by adverse physical conditions of such magnitude as to constitute a 
limiting factor in crop production. Where such a condition exists no chemical 
method is adequate. 

We are well aware that the consensus of opinion among soil investigators 
does not countenance the use of the complete analysis of the hydrochloric- 
acid extraction for predicting immediate crop yields. That they are being ex- 
tensively used, however, and their application to this very purpose attempted, 
cannot be denied. We have ventured to present our data in the hope of still 
further limiting their use for such purposes. 


COMPLETE ANALYSIS AND CONTINUED PRODUCTION 

The complete chemical analysis has been extensively advocated as a means 
of forecasting the continued productivity of soils. Such a test is clearly 
adequate in the differentiation of soils like no. 13. All experience indicates that 
such soils will neither produce good crops at present without extraordinary 
additions of fertilizers or amendments, nor be capable of long-sustained pro- 
ductivity. Can we, however, justify the use of the complete analysis for 
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classifying soils which are sufficiently well supplied with the various important 
constituents to yield some crop, but nevertheless fall far below average pro- 
ductivity in total yield? Our soils with the exception of no. 13 represent such 
varying but not extreme degrees of fertility. 

The complete analyses show that the poorer soils, no. 3, 9 and 12, carry 
totals of the same order of magnitude as the other soils of their respective 
groups and in spite of their comparatively low present production would be 
rated on an equality with the good soils by the complete analysis. All of these 
soils could doubtless have been brought to a high state of production by the 
incorporation of sufficient decomposable organic matter.^ If the well recog- 
nized potency of organic matter in similar cases pertains to our soils, it is 
clear that both the present and future productivity of our poor soils is limited 
by the absence of an adequate nitrogen supply; or by the fact that the con- 
stituent minerals are of such a character that they will not replenish the soil 
solution at a sufficiently rapid rate unless they are broken down by indirect 
agencies such as those induced by decomposing organic matter. In either case, 
the limiting factor is not the totals shown by complete analysis, but the lack 
of absorbable forms of nitrogen or the resistant character of the constituent 
minerals. We take it that neither the present generation of farmers nor 
posterity are interested in speculations as to the relative endurance of soils 
which are not backed up by concrete evidence in terms of productivenesr. 

CHEMICAL COMPOSITION AND PHYSICAL CLASSIFICATION 

Soils have from time immemorial been classified on the basis of their physical 
properties into such groups as clays, loams and sands. Classifications of this 
order have unquestionably justified their use, and, moreover, are probably in 
general accord with chemical composition when the soils so segregated are of 
the same climatic origin and environment. A question of very considerable 
interest is whether or not a more minute physical classification accords with 
differences in the chemical composition of the various groups. A compre- 
hensive study of this question should obviously include a very large number of 
soils for determination of the probable variation of the various classes and 
individual soils within each class (5, 6). The large amount (3600 lbs.) of each 
soil requisite for our plot experiments necessarily limited the number of soils 
here reported upon. Our results, however, point to certain limitations on 
physical classification which may well be of extended application. 

From tables 2 and 2a we have computed several sets of values, the signifi- 
cance of which maynot be clear byinspection. ‘‘Variation^' is the arithmetical 
mean of the individual percentage variations from the average of the group. 
The purpose of this figure is simply to obtain a convenient expression for meas- 
uring the extent to which the soils approach uniformity in composition. Com- 
putations of the mean probable variation by the method of least squares is of 

^ The integrity of our soils for other purposes has prevented a demonstration of this effect. 
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course not applicable to such a small number of soils. ‘‘Maximum individual 
variation^^ is, for each constituent, the percentage variation of that soil (high- 
est or lowest) which deviates most from the average of all soils. Its purpose 
is to give an expression for measuring the extent to which individual soils 
deviate from the average for the group. 

Soils of the same type {identical series and class) 

The complete analysis may first be used as a test of uniformity in soils of 
the same or similar physical textures. We may then proceed to apply the 
figures obtained by the other methods (table 2). 

The variation of the silty clay loams as shown by complete analysis is 16 
per cent or less for all constituents. The maximum individual variations are 
of course higher. The hydrochloric-acid extraction gives results of the same 
order as the complete analysis as follows logically enough from the fact that 
the acid removes such a large proportion of the total of each ingredient. When 
we examine the results by the less rigorous extraction methods, differences of 
considerable magnitude occur. We believe that we have shown that these 
differences mean something in terms of crop production but they are not 
brought out by the physical classification. Opinion will perhaps differ as to 
the significance of the variations shown by complete and hydrochloric-acid 
extraction. It is clear, on the other hand, in view of the differences in yields 
of some of the soils and the great variations in the water extracts, that neither 
the crop-producing power of the soils nor their fertilizer needs could have been 
predicted from* the physical classification alone. 

Silty clay loam soils comprise a class of soils which represent a fairly ad- 
vanced stage in the physical degradation of mineral particles. The same 
forces which tend to cause such changes in the size of the mineral particles 
are active in bringing together many different kinds of minerals. Fine soils 
in general are doubtless very heterogeneous hi the origin of their constituent 
minerals, but since these ctosist largely of the complex silicates containing 
the same kinds of chemical elements, heterogeneous origin should lead to 
uniformity of ultimate chemical composition. Coarser soils derived from 
sedimentation processes might be as heterogeneous in origin and just as uni- 
form in composition. Coarser soils “in place^^ would in general be derived 
from a more limited number of minerals and such soils from different rock 
formations would be likely to show greater variations in chemical composition 
than do the finer soils. There seems then good theoretical justification for 
assuming that the magnitudes of variation in the silty clay loams are at least 
no larger than those which would appear in the examination of other classes 
from the same or a different series, with the possible exception of soils of very 
fine texture, such as clays, which might be more uniform. 

The variations found by us might have been materially lowered had we 
examined a very large number of soils. We do not mean to suggest that our 
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figures represent the probable mean variation. The individual variations, 
however, might and probably would have been even greater if more soils had 
been used. 


Soils of different types {identical class but different series) 

The figures (table 2a) for mean and maximum variation by complete analy- 
sis, hydrochloric and citric extraction are (with the single exception of PaOs 
in the citric extraction) invariably higher than those shown by the Yolo 
silty clay loams. These differences are of considerable magnitude for most of 
the determinations. Apparently, then, there are greater differences, chemic- 
ally as well as physically, between soils from different series of this class than 
between individual soils of the Yolo series of silty clay loams. To this extent 
the physical classification seems to be consistent, but since we have here only a 
single representative of each type we do not presume to offer a definite opinion 
on this point, nor can we extend such an opinion to terms of a generalization 
covering other types. 


Soils of different classes 

Here, again, our data are too meagre to serve as a basis for generalization. 
Comparison of the averages by complete analysis and hydrochloric-acid ex- 
traction shows substantial chemical differences (except in phosphoric acid) 
between two physical classes as here represented. It is perhaps not too much 
to assume that differences in ultimate chemical composition are likely to 
appear in comparisons of other classes. We hold, however, that chemical 
differences shown by complete analysis and hydrochloric acid do not determine 
either fertilizer needs or crop production. When we test the two classes by 
the figures for water extraction we see at once that the figures for a given 
constituent in individual soils of either class may run higher or lower than for 
the same constituent in individual soils of the other class. If we furthermore 
bear in mind that both classes include soils of good, medium and low production 
it is fairly obvious that physical classification into classes, as in the case of 
individual soils of an identical series and class, leaves much to be desired in 
the prediction of yields and prescription of fertilizers, however valuable it 
may be for determining general methods of cultivation. 

CONCLUSIONS 

The data presented heretofore indicate very clearly that the seasonal 
averages by water extraction of uncropped soils give figures more in accord 
with the soils’ present crop-producing power than any of the usual methods. 
The large number of instances in which the soils of low production give low 
figures as compared with those obtained from soils of higher production is very 
striking. It is especially noteworthy that such extractions show substantial 
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chemical differences between soils which, on the average, vary between SO 
and 80 bushels in yield. The method, therefore, is not limited to differentia- 
tion between soils of very high production and those which are totally im- 
productive, but may be applied to the great group of soils in which the farming 
population is most interested. We refer to soils so productive that the farmer 
cannot afford to allow them to remain uncropped, but not sufficiently pro- 
ductive to meet reasonable demands without fertilizers or amendments. 
We do not suggest that water extraction in its present development is of wide 
application to soils ‘‘in the field.’’ One reason is that field soils are highly 
heterogeneous physically, chemically and in bacteriological flora and it is a 
matter of great dif&culty to obtain a representative sample (8); another, that 
the condition of the soil at no single date is likely to represent its average con- 
dition during the growing season or at the period when temporarily depleted 
by plant withdrawals. W. H. Jordan in a recent paper (4) states: 

. . . . that the treatment with water gives results more significant in their relation 
to the productiveness of the several soils than is the case with either of the acid solutions 
but even with the water, if there is any significance in the results obtained, it is shown in 
the amounts of total soluble matter rather than in the proportions of potassium and phos* 
phorus compounds brought into solution. Not much can be claimed, however, for a method 
that shows as high solubilities for a soil producing 14.1 gm. of dry matter to the box as for a 
soil producing 96.8 gm. of dry matter per box. 

We regard Dr. Jordan’s statement as generally corroborative of our con- 
clusions. The limitation which he suggests, however, cannot vitiate our more 
extended conclusions, since his extractions were made on some one given date 
(not stated) ; whereas the results obtained in this laboratory are averages from 
results on samples taken from the plots periodically throughout the year. 
Since the soil comprises a dynamic system and the extracts vary in magnitude 
from day to day (7), its potentialities are not to be appraised on a single set of 
determinations. 

A corollary to our conclusions as to the superiority of the water-extraction 
method is that all of the other methods are entirely inadequate as measures 
of the present crop-producing power of soils. When we come to consider 
criteria of soil endurance we conclude that any reagent (fusion with alkalies, 
strong adds, etc.) which actively attacks the soil minerals will bring out sub- 
stantial differences between highly silicious soils and those containing con- 
siderable percentages of bases; but will not suflSciently distinguish between 
good soils and those which, while somewhat productive, will not produce 
average crops without additions of fertilizers or amendments. No chemical 
analysis is either necessary or desirable to bring out the differences between 
soils which approach the extremes of mineralogical composition. 

The number of soil classes considered here is too limited to permit of ex- 
tended generalizations as to the correlation of chemical composition of soils 
with their physical textures. Even if we could have shown an absolute cor- 
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relation between ultimate chemical composition and physical texture (6), 
the great variation in yields and water extracts between individual soils within 
a type which is probably unusually uniform, and the further fact that soils of 
other types belonging to a very different class frequently give figures which 
fall within the limits of individual variation within a type, would cast grave 
doubts on the adequacy of physical classification for predicting probable 
yields or prescribing fertilizers. It is difficult to conceive that physical 
classification can be applicable to any other purpose than the determination of 
general methods of mechanical treatment. 

To be of any great value to the farmer, the physical classification must at 
least be supplemented by extended data as to crop history and preferably 
by the application of chemical and biological criteria to each individual soil. 
These latter must be the most important function in any adequate investiga- 
tion or survey with the possible exception of those cases in which the soils 
examined represent great extremes of chemical composition and physical 
texture. 

ACKNOWLEDGMENTS 

The complete analyses reported herein were made by P. L. Hibbard, the 
hydrochloric-acid and citric-acid extractions by H. E. Billings. The mechani- 
cal analyses were made under the direction of C. F. Shaw and have been 
reported elsewhere for purposes of record only, no conclusions having Been 
drawn from them (7). 

The data from which the seasonal averages of the water extractions arc 
computed were obtained by various members of the staff of this laboratory 
in the course of our seasonal studies. Thanks are extended to all concerned. 

SUMMARY 

1. Fourteen soils were studied with reference to chemical and mechanical 
composition and crop production under controlled conditions. 

2. The soils included five individuals of a single series of one class and eight 
soils representing different series of another class. 

3. The chemical treatment comprised complete analysis, hydrochloric-acid, 
citric-acid and water extractions. 

4. Low figures by water extraction and to a lesser extent by citric-acid 
extraction are shown to be in general accord with the soils’ crop-producing 
power. 

5. Except in the case of highly silicious soils, the complete analysis and 
hydrochloric extractions are held to be worthless as criteria of present pro- 
duction or probable endurance. 

6. Individual soils of a given series and class show less variation in chemical 
cbpiposition than do the representatives of different series of another physical 
dass. 
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7. The great variation in crop yield and in the figures for water extractions, 
within a given series and class (soil type) indicates that physical classification 
into types is inadequate as a means of predicting probable yields or determining 
fertilizer requirements. 
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INTRODUCTION 

An adequate supply of nitrogen in the soil is one of the most important 
questions in soil fertility. This is true not only as a theoretical consideration, 
nitrogen being one of necessary elements for plant growth, but also from the 
practical point of view, because nitrogen in normal times is the most expensive 
of the fertilizing materials. 

The inorganic nitrogenous materials which are available for agricultural 
purposes arc very limited in both variety and amount. We have nitrate of 
soda, the natural supply of which will necessarily be declining in the course of 
time; sulfate of ammonia, the manufacture of which as a by-product in the coal 
industries is rapidly expanding; and calcium nitrate and calcium cyanamid, as 
the products of fixation of atmospheric nitrogen with the aid of electrical 
energy. 

There undoubtedly exist a set of conditions under which a given fertilizer 
acts at its best. It is believed that this optimum set of conditions is specific 
for each fertilizer, and that it may or may not be the same for different nitro- 
genous materials. It is of prime importance, therefore, that one should know 
the behavior of that fertilizer under different conditions that go to modify its 
action, so as to make it most effective in crop production. 

The present study is made of ammonium sulfate in order to throw .some light 
on its fertilizing value under some variable conditions as they may be found 
in agricultural practice. 

REVIEW OF LITERATURE 

Ammonium sulfate is one of the few salts regarding whose fertilizing value 
there exist so many divergent opinions. Since the middle of the last century, 
when Boussingault (26), Ville (2vSl), and Lawes, Gilbert and Pugh (128) per- 
formed their celebrated experiments on the sources of nitrogen of vegetation, 
and up to the present time, the question remains in dispute whether ammonia- 
cal nitrogen is equal or inferior in its efficiency to nitrate nitrogen. Establish- 

^ Submitted to the faculty of Rutgers College in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy, May, 1918. 
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ing the fact that nitrate nitrogen can be utilized without first being converted 
into the ammonia form, Ville (231) has recorded at the same time that with 
potassium nitrate for the nitrogen supply the plants contained more nitrogen 
than those with the sal ammoniac (ammonium chloride). From this he con- 
cluded that for plant growth ammoniacal nitrogen was inferior to nitrate 
nitrogen. 

With the progress of agricultural research there had accumulated a vast 
amount of literature recording the data which throw some light on the question 
of efficiency of ammoniacal nitrogen versus nitrate nitrogen for the growth and 
development of agricultural plants. 

Lawes and Gilbert (129) were among the first to investigate the relative 
value of ammonium sulfate and sodium nitrate for the growth of field crops. 
Investigations with wheat and barley were started by them as early as 1852, 
followed by oats in 1876 and continued up the present time. Each crop was 
grown on the same plot year after year. The results, on the whole, show that 
for plant growth nitrate of soda is preferable to the ammoniacal nitrogen, 
which was supplied with a mixture of the equal amounts of ammonium sulfate 
and ammonium chloride. 

In 1880 Wagner (248) proposed a pot method for studying the efficiency of 
different nitrogenous fertilizers and manures. He and his co-workers (249), 
250, 251), over a period of many years studied these fertilizers on many soils 
in Germany with different crops. Hts general conclusion was that, if nitrate 
of soda nitrogen is given a value of 100, the ammonium sulfate nitrogen was 
equal to 90, taking all the crops and soils into consideration. 

In this country the investigations in Pennsylvania (103, 104) are among the 
oldest on this subject. These experiments have been carried on since 1880 on 
field plots, on which a general field rotation is maintained. In the first ten 
years of the experiment (104) ammonium sulfate gave better results than 
nitrate of soda, but as an average for over thirty years (104), the nitrate of 
soda was superior to ammonium sulfate. 

Similar results were obtained by the Massachusetts Agricultural Experiment 
Station. The data of 25 years (66) show that, under the conditions of the 
experiment, ammonium sOlfate was only 88 per cent as efficient as nitrate of 
soda. 

New Jersey’s (135) 15-years results with all the crops in a 5-year rotation 
show that the efficiency of ammonium sulfate was equal to 84.6 in connection 
with minerals alone and 91.6 in connection with solid manure, leached, if a 
value of 100 is assigned to the nitrate of soda. 

The investigations of the Rothamsted and the Woburn (238) stations in 
England, of Wagner and his co-workers in Germany, and of the New Jersey, 
Pennsylvania and Massachu.setts stations in this country, are perhaps, among 
the most autboritative on the subject of efficiency of these two fertilizing mate- 
rials. There are a host of others, who found the superiority in the value of 
nitrate of .soda over that of ammonium sulfate for the nitrogenous fertilizer 
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and whose results are no less trustworthy than those that have been mentioned 
above. 

Among these investigators can be mentioned Sachs and Knop (187), Towar 
(227), Grahl (75), Warington (254), Kirchner (118), Voorhees (242, 243, 244), 
Voorhees and Lipman (245, 246), Lipman and his associates (133, 134, 135, 
136, 137 and 138), Grandeau (76, 77), Bolin (23, 24), Kretschmer (126), 
Feruglio (61), Grazia and Galdieri (79), Schneidewind (190, 191, 192, 193, 194, 
195, 196), Ward (253), Cillis (42), Porter and Gaut (170), Chodat (41), Schulze 
(198), Schmoeger (189), Steiglich (214), Soderbaum (209, 212), Stutzer 
(216, 217), Schreiber (197), Bachmann (15), Crowther (49, 50), Gilchrist (70), 
Berry (20), Vanha (229), Rhodin (182), Bremer (32) (for top-dressing), 
Buchner (37), Svoboda (219), Hansen (84), Malpeaux (140, 141), Rindell (178), 
de Jong (110, 111), Patterson (165), Larsen (127), Parsons (164), Woods (269), 
Wheeler and Adams (261), Hunt and his co-workers < 103, 104),Goessman (73), 
Brooks and his associates (33, 34), Tacke (222), Duggar and Caethen (55), 
Kelkar (114), Ballard and Volck (17), Gerlach (69), Bonomi (25), Voelcker 
(237, 240), Herke (98), (Kappen 113), Bauman (18), Niklevski (156), McClel- 
land (148), Popp (169) and many others. 

On the other hand, there are just as many men who have found ammonium 
sulfate to be either equal or superior to nitrate of soda in plant production. 
Among these investigators can be mentioned Hellriegel (94), Kloepfer (120, 
121, 122), Kraus (123, 124, 125), Clausen (44, 45, 46), Rhodin (180, 181, 182, 
183), Huston (106), Vikier (232), Bovell and D’Albuquerque (29), Kelkar 
(1L4), Bachman (11, 12, 13, 16), Otto (160, 161), Lilienthal (130, 131), Caruso 
(3^, Voelcker (233, 235, 239), Kretschmer (126), Wein (260), Watts (256, 257), 
Sebelien (201), Weibull (259), Siichting (218), Bolin (24), Kleberger (119), 
Wagner (252) (on fire-holding power in tobacco), Soderbaum (210, 211), 
Buchner (37), Hendrick (97), Swanwick and Kinch (220, 221), Jackometti 
(108), Harper (85), Milburn (150), Nazari (155), Blobel (22), Bauwens (19), 
Harrison (88, 89), and others (90), Rawson (177), Gilchrist (71, 72), Grcig (80), 
Mayer (146) DAlbiiquerque and Bovel (51), Bovell (30), Wilcox, Kelley and 
Krauss (265), Orchinnikov (158), Damseaux (52), Malpeaux (141), Tempany 
(224), Stokes (215), Etheridge (57), Wright (270), Kelley (115, 116), Aristead 
(10), Gardner and Brown (64), Van Hoek and Ranwerda (230), Calvin (38), 
Milburn and Gaut (151), Gaul (67, 68), Kimbrough (117), Wehnert (258), 
Rindell (178), Mausberg (143, 144), Haselhoff (91), Easterby (56), Oswald and 
his associates (159), Hiltner and Lang (101), Lipman and his associates (137), 
von Feilitzen (60), Lipman and Gericke (IJO), Porter and McWilliam (171), 
Schmitz (188), and many others (1, 2, 3, 4, 5, 6, 7, 8,‘ 9). 

Comparing the names of these groups we find some of them to appear in 
both. In many different instances the results of the same men are sometimes 
in favor of nitrate of soda and sometimes in favor of sulfate of ammonia. In 
some cases the differences are insignificant, Vi^hile in others they are very con- 
siderable. The inferiority of ammonium sulfate in the Rothamsted and the 



424 


M. I. WOLKOFF 


Woburn experiments in England, and at the New Jersey, Pennsylvania, and 
Massachusetts stations in this country, arc the most noteworthy. In every 
case of the field experiments tlie yield of crops grown with ammonium sulfate 
as the source of nitrogen was fair at the beginning. At the Pennsylvania 
Station where the soil conUiined a fair amount of lime, the yields for 10 years 
or more on the ammonium sulfate plots were larger than those on the nitrate 
of soda plots. The yields on the ammonium sulfate plots, however, declined 
in time. This naturally led to investigations as to what was the cause of this 
gradual decline in the efficiency of the ammonium sulfate. In nearly every 
case it is now attributed to a deficiency of lime in these soils, for when lime was 
applied to these soils either in the field or in pot tests there was a considerable 
increase in the crop yield. In this connection reference may be made to 
Voclcker (234, 241), who studied the soils at Woburn; Hall (81 ) at Rothamsted; 
Brown (35), Brown and his associates (36), White (262), and Gardner and his 
associates (65), in Pennsylvania; and Blair and McLean (21) in New Jersey. 
Ruprecht and Morse (184) studying the soils from Massachusetts experimental 
plats came to the conclusion that the ill effect of ammonium sulfate was due 
to the formation of sulfates of iron and alumium, which take^ place in the ab- 
sence of the available compounds of calcium. 

It is curious enough that in several of these experiments no provision was 
made to replenish the lime in the soil, although other fertilizers were applied 
year after year. Since ammonium sulfate, from the very nature \)f the salt, 
has the tendency to increase the soil acidity, it caused the accumulation of 
acids in the soils to such an extent that normal crop growth was almost 
possible. When some lime was added, however, as was the case in the Pennsyl- 
vania (262, 65) experiments, the yields of crops of the ammonium sulfate 
plots came nearly up to the normal. 

Somewhat similar conditions affected Wagner’s results (251). He worked 
with a great variety of soils, some of them very deficient in lime. Yet in 
experimenting with most of these soils, he, while applying both potassium and 
phosphorus, supplied no lime in any form. When lime was introduced in his 
pot experiments the results for ammonium sulfate improved considerably, 
sometimes exceeding those for sodium nitrate. 

Experimenting with nitrate of soda, sulfate of ammonia, nitrate of lime and 
calcium cyanamid on Rothamsted soils. Hall (81) finds very little difference 
between these nitrogenous materials in so far as crop growth is concerned. 
The differences, if they exist, do not exceed 10 per cent of the total crop. 
Indeed, in most instances, when ammonium sulfate is compared with sodium 
nitrate the difference in their effectiveness for plant growth is very small. 
It is only in special cases, as pointed by Hall (82), as on very light sands, 
heavy clays and soils very short of lime, that secondary considerations do come 
in and modify the results of the experiment. 

Again, it is universally recognized that nitrate of soda is a one-season ferti- 
lizer. For this reason in the 1-year experiments nitrate of soda and ammonium 
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sulfate are hardly comparable, since the latter has a considerable after-effect 
(113, 183, IS, 125, 93, 100, 255). 

There is still another feature which may be mentioned in connection with the 
present discussion. Russell (186), speaks of the toxicity of ammonium sulfo- 
cyanide, which in former years was frequently an impurity in ammonium sul- 
fate manufactured from gas liquor. When present in sufficient quantities it 
caused an injury to the plants. '‘It is rarely,'' says Russell (184), “if ever, 
found now," Just how much of some of the ill effect noticed in connection 
with the use of ammonium sulfate could be attributed to this cause is impossi- 
ble to say at present. Yet, it could hardly be denied that the methods in the 
manufacture of this salt in the earlier days of the industry were more crude 
than they are now, and it is vcr>^ possible, therefore, that some of the im- 
purities did play some part in the effectiveness of this salt as a fertilizer. 

Consideration may now be given to the form of nitrogen which can be best 
assimilated by plants. As early as 1867 Hampe (83) observed tliat the growth 
of plants with ammonium salts as the source of nitrogen was rather slow at 
first, but was accelerated later. A similar observation was reported by Wag- 
ner (247) a year later. Evidently, it was the starting point from which has 
gradually developed a notion that ammoniacal nitrogen could hardly be used 
as such. Since the ammonium salts are quickly converted into a nitrate form, 
it was later taken for granted that ammonium sulfate, for instance, could not 
b ‘ used as Such. On this account, the efficiency of the nitrogen of this salt 
was considered to be impaired. If it were true, the argument would be a very 
sound one, for it takes some time for the nitrification to take place. Moreover, 
the change of the nitrogen from the ammonia to a nitrate form is hardly ever 
100 per cent efficient. 

The fallacy of the conception, however, is now fairly well established. Over 
30 years ago Pitsch (168) demonstrated that with nitrification excluded oats 
can grow and normally develop with ammonium sulfate as its source of nitro- 
gen. Since then a number of other investigators working with different plants 
and media have obtained similar results. For an extensive review of the lit- 
erature on the subject reference may be made to an excellent article of Hutchi- 
son and Miller (107). Among the latest contributions, with further verifica- 
tion that higher plants can assimilate ammonia nitrogen directly, may be 
mentioned Pantanelli and Severini (162, 163), Petrov (167), Kalinkin (112), 
Periturin (166), Shulov (207), Ritman (179), Prianishnikov (174, 175, 176), 
and Morozov (154). It is true that some plants are found to be able to 
assimilate the ammonia nitrogen more readily than others. Nikolaeva (157), 
even reports that one of the lupines was unable at all to use ammonia nitrogen. 
Yet, in the majority of cases no difficulty was encountered in growing various 
higher plants without nitrates. 

This fundamental question of the direct assimilation of ammonia nitrogen 
by agricultural plants is considerably modified in field practice by the fact 
previously mentioned that at least a portion of the ammonia nitrcigen in most 
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of the common soils under nonnal cultivation is very quickly changed into 
nitrate nitrogen. 

The conditions under which any fertilizer acts may modify the efficiency 
of that fertilizer to a considerable degree. The extreme variations in the 
effect of ammonium sulfate is often attributed to different conditions of the 
investigation. 

Besides the reaction of the soil, already mentioned above, the time and the 
manner of the application, the character of the season, the moisture content of 
the soil, temperature, etc., are among the factors which may enhance or 
diminish the effectiveness of ammonium sulfate, as noticed by Bachmann 
(18). De Jong (109) has reported that the efficiency of ammonium sulfate 
was very high in very wet seasons, as compared with that of dry seasons. 
Pospisil (172), comparing ammonium sulfate with sodium nitrate during four 
years, two of which had dry and two wet growing seasobs, found that in the dry 
seasons nitrate of soda gave better results than ammonium sulfate, and in the 
wet seasons ammonium sulfate was superior to sodium nitrate. 

The relationship of moisture content of the soil to the yield of crop was 
studied by many investigators. Hellriegel (95) found that the best yield of 
barley grain in sand cultures was obtained at 40 per cent of water-holding 
capacity, while the best yield of straw was reached at 60 per cent. Wollny’s 
(268) results show that the optimum moisture content of soils for several farm 
crops lies between 60 and 80 per cent of the water-holding capacity. Similar 
results are recorded by Mayer (14S) who also found that in this respect there 
exist some variations for different agricultural crops. Von Seelhorst (202) has 
shown that the effectiveness of fertilizers increased with the increase in mois- 
ture content. Similar results were reported by Morgan (153) and Colebatch 
(47). Also de Grazia (78), Harris (87) and Pospisil (172) came to the same 
conclusion, namely, that the action of fertilizers is influenced by the moisture 
content. 

Von Seelhorst, alone and with his associates (203, 204, 205), Prianishnikov 
(173), Hunter (105), Tulaikov (228), Widtsoe (263), Widtsoe and Merrill (264) 
also considerably contributed to our knowledge of the subject. The results of 
Mitscherlich (152), however, differ from those of other investigators in so far 
as they show that with potatoes, oats and peas grown in quartz sand, two soils 
and muck, the crop yield continued to increase with an increase of the water- 
holding capacity up to 100 per cent. 

In view of the foregoing facts it seemed to be advisable to investigate more 
closely the relation of the moisture content of the soil to the effect of ammonium 
sulfate in the germination, growth and the development of some agricultural 
plant. How does a given agricultural plant, when subjected to different 
applications of the necessary, or even the unnecessary, elements that go to 
make plant tissue, react when the moisture supply is varied within the limits 
often met in normal field operations? 
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In order to throw some light on this question, which is important for its 
general theoretical interest, and also for the practical bearing on soil manage** 
ment, the present investigation was undertaken. 

EFFECT OF MOISTURE CONTENT OF SEA SAND ON THE GROVV^TH OF BARLEY, WITH 
AMMONIUM SULFATE AS THE SOURCE OF NITROGEN 

Procedure 

In this work the chemically pure (Baker’s analyzed) substances were used 
for the plant nutrients. The only exception was calcium carbonate, which was 
reprecipitated powder, U. S. P. 

After some preliminary experiments the following procedure was adopted. 
The plants of barley were grown in pot cultures in sea sand as a medium. Four 
different series of pots were prepared, each consisting of 54 pots. The moisture 
content in the first series was kept at 20 per cent; in the second series, at 40 
per cent; in the third series, at 60 per cent; and in the fourth series, at 80 per 


TABLE i 

Moisture conierU in the se^t sand culture^ of different series 


PER CXNT OP WATER-HOLDING 
CAPACITY 

PER CENT BASED ON DRY SAND 

AMOUNT OF WATIR PER POT 



ee. 

20 


97.2 

40 


194.4 

60 


291.6 

80 

19 44 

388.8 


cent of the water-holding capacity. The water-holding capacity of the sand 
was 24.33 per cent (an average of three determinations), as determined by the 
funnel method. The pots were of glazed earthenware and were 25 cm. in 
height and 25 cm. in inside diameter. Two kilograms of sand was used in each 
pot. The hygroscopic moisture of the sea sand was only 0.05 per cent, and 
it was disregarded in calculating the amount of water to add to each pot. 
Table 1 gives the per cent and the total amount of water added to the pots of 
each series. To find the absolute per cent of water at which each series was 
kept it is only necessary to add the hygroscopic moisture (0.05 per cent) to 
the per cent given in the table. 

The moisture content of the sea sand cultures was kept as nearly constant 
as possible by adding water every day. Every other day the pots were 
weighed and brought to the original moisture content. On the days when the 
F>ots were not weighed the water was added to each pot in approximate propor- 
tion to the water loss on the preceding day. 

The sea sand contained practically no nutrient material, as will be seen 
from the growth of the plants in the control pots. The cultures, therefore, 
were treated with a complete nutrient solution. The treatment consisted of 
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ammonium sulfate, monopotassium phosphate, magnesium sulfate and ferrous 
sulfate. These ingredients were added in solution, while calcium carbonate 
was mixed with sand previously to the introduction of the solution. Besides 
the variations in the moisture content, the fertilizing materials were varied as 
follows: ammonium sulfate was added from 0.05 to 0.40 gm. per pot; calcium 


TABLE 2 

Application of salts per pot containing Z kgm, of sea sand, and the calculated values in pounds 

per acre 


FOT 

(NH4)jS04 

CaCOi 

KHjP04 

MgSO* 

FeS04.7Hf0 

NaNOa 

Ca(NOi)* 

NO. 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Per 


pot 

acre 

pot 

acre 

pot 

acre 

pot 

acre 

pot 

acre 

pot 

acre 

pot 

acre 


gm. 

lbs. 

gm. 

lbs. 

gm. 

IbK. 

gm. 

Ihs. 

gm. 

lbs. 

gm. 

lbs. 

gm. 

lbs. 

0 

1 

6.05 

50 

0.50 

500 

0.40 

400 

0.20 

200 

0.05 

50 





2 

0.05 

50 

1 00 

1000 

0.40 

400 

0.20 

200 

0.05 

50 





3 

0.05 

50 

2.00 

2000 

0.40 

400 

0.20 

200 

0 05 

50 





4 

0 05 

50 

0.50 

500 

0 80 

800 

0.20 

200 

0.05 

50 





5 

0.05 

50 

1.00 

1000 

0.80 

800 

0.20 

200 

0.05 

50 





6 

0.05 

50 

2.00 

2000 

0.80 

800 

0.20 

200 

0.05 

50 





7 

0.10 

100 

! 0.50 

500 

0.40 

400 

0 20 

200 

0.50 

50 





8 

0.10 

100 

1.00 

' 1000 

! 0.40 

400 

0.20 

200 

0.05 

50 





9 

! 0.10 

100 

2.00 

2000 

0 40 

400 

0.20 

200 

0 05 

50 





10 

0.10 

100 

0 50 

500 

0.80 

800 

0,20 

200 

0.05 

50 





11 

0.10 

100 

1.00 

1000 

0 80 

800 

0.20 

200 

0.0? 

50 





12 

0.10 

100 

2.00 

2000 

0.80 

800 

0.20 

200 

0.05 

50 





13 

0.20 

200 

0.50 

500 

0.40 

400 

6.20 

200 

0.05 

50 





14 

0.20 

200 

1.00 

1000 

0 40 

400 

0.20 

200 

0.50 

50 





15 

0.20 

200 

2.00 

2000 

0 40 

400 

0 20 

200 

0.50 

50 





16 

0 20 

200 

0 50 

500 

0 80 

800 

0.20 

200 

0.50 

50 





17 

0.20 

200 

1.00 

1000 

0.80 

800 

0 20 

200 

0.05 

50 





18 

0 20 

200 

2 00 

2000 

0.80 

800 

0 20 

200 

0.05 

50 





19 

0.40 

400 

0,50 

500 

0.40 

400 

0 20 

200 

0.05 

50 





20 

0 40 

400 

1.00 

1000 

0 40 

400 

0.20 

200 

0.05 

50 





21 

0.40 

400 

2.00 

2000 

0.40 

400 

0.2) 

200 

0.05 

50 





22 

0.40 

400 

0.50 

500 

0 80 

800 

0.20 

200 

0.05 

50 





23 

0.40 

400 

1.00 

1000 

0.80 

800 

0.20 

200 

0.05 

50 





24 

0.40 

400 

2.00 

2000 

0-.80 

800 

0.20 

200 

0.05 

50 





L 



3.00 

3000 

0.60 

600 

0 20 

200 

0.05 

50 

0.50 

500 



S 





0.60 

600 

1.00 

1000 

0.05 

50 



0.35 

350 


i L and S stand for Lipman^s and Shive’s cultures, respectively. 


carbonate, from 0.05 gm. to 2.0 gm.; and monopotassium phosphate, from 0.4 
gm. to 0.8 gm. per pot. The treatment of each pot is given in table 2, which 
also gives the values in pounds of different salts per acre, as based on 2,000,000 
pounds of soil (approximate weight of an acre of soil 6 inches deep). 

Besides the control pots, which were left untreated, two pots in each series 
designated as 20L, 40L, 60L,and SOL, respectively, were treated with a modified 
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TABLE 3 

tiry weight of barley grown in sea sand cultures of different moisture contents y total water loss per 
poty and amount of water required to produce 1 gm. of dry matter under different 

treatments of salts 


DRY WEIGHT OF TOPS 

TRANSPISATION AND EVAPORATION 

WATER RE- 
QUIREMENTS 

A [ B 1 Average 

A 1 B 1 Average 

Average 


Series of 20 per cent of water-holding capacity 



gm. 

gm. 

gm. 


gm. 

gm. 

gm. 

200 

0.0415 

0.0680 



219 

210 

3,763 

201 

0.2620 

0.2700 


290 

278 

284 

1,068 

202 

0.4150 

0.3450 


403 

417 

410 

1,078 

20? 

0.3520 

0.4575 


426 

466 

446 

1,101 

204 

0.1240 

0.2545 

0.1893 

169 

246 

208 

1,098 

205 

0.2380 

0.2900 

0.2640 

251 


272 

1,030 

206 

0.2820 

0.3170 

0.2995 

339 

331 

335 

1,119 

207 

0.2910 

0.3285 


310 

381 

345 

1,116 

208 

0.4880 

0 4130 

0.5405 

468 


449 

991 

209 

0.5120 

0.4250 

0.4685 

497 


454 

950 

210 

0.3100 

0.3250 

0.3175 

306 

413 


1,166 

211 

0.2838 

0.3998 

0.3418 

322 

395 

359 

1,050 

212 


0.4910 


369 

432 


985 

213 


0.3317 

0.3759 

474 

433 

454 

1,207 

214 


0.5580 


514 

541 

528 

1,033 

215 

0.2610 

0.3160 

0.2885 

359 

319 

339 

1,174 

216 


0.4740 

0.4470 

413 

432 

423 

946 

217 

0.3832 


0.4116 

367 

384 

376 

913 

218 

0.4330 

0.1913 

0.3122 

398 



993 

219. 

0.4295 

0.2625 


445 


378 

1,092 

220 



0.5195 

518 

623 

571 

1,099 

221 



0.3295 




823 

222 

0.1995 


0.1995 

189 


189 

947 

223 


0.2190 

0.3210 

332 

213 

273 

850 

224 


0.4885 

0.4263 


351 

326 

765 

20S 

■SHtW 

0.4260 

0 4195 

461 

468 

465 

1,181 

20L 

0.4725 

0.5825 

0.5275 


682 

588 

I l,tl4 


s 

Series of 40 per cent of water-holding capacity 


400 

0.0710 

0.0775 

0 0743 

543 

522 

533 

7,174 

401 

0.2745 

0 2545 

0 2645 

642 j 

723 

683 

2,578 

402 

0.4260 

0.3045 

0.3653 

674 

685 

680 

1,861 

403 

0 3425 

0.3325 

0.3375 

678 

684 

681 

2,018 

404 

0.3015 

0.2415 

0.2715 

667 

546 

607 

2,236 

405 

0.3015 

0.2865 

0.2940 

641 

632 

637 

2,167 

406 

0.4745 

0,2950 

0.3848 

705 

622 

664 

1,725 

407 

0.4010 

0.3615 

0.3813 

670 

665 

668 

1,753 

408 

0.4730 

0.4720 

0.4715 

721 

779 

750 

1,591 

409 

0,5070 

0.4540 

0.4805 

! 781 

786 

784 

1,633 

410 

0.3620 

0.2505 

0.3060 

634 

590 

612 

2,000 

411 

0.4860 

0.4985 

0.4923 

667 

740 

704 

1,430 

412 

0.5565 

0.5960 

0.5763 

873 

748 

811 

1,406 
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TABLE 3-^MiiHued 


roT NO. 

DAY WEIGHT OV TOPS 

TAANSPIAATION AND EVAPOAATION 

WATER RE*' 
QUIREMENTS 

A 

B 

Average 

A 

B 

Average 

Average 


gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

413 

0.7245 

0.6405 

0.6825 

851 

900 

876 

1,284 

414 

0.6585 

0.6540 

0.6563 

873 

852 

865 

1,320 

415 

0.6940 

0.6860 

0.6900 

927 

972 

950 

1,377 

416 

0.7655 

0.6505 

0.7080 

760 

768 

764 

1,079 

417 

0.6540 

0.7135 

0.6838 

807 

829 

818 

1,196 

418 

0,8415 

0.6865 

0.7640 

1,038 


972 

1,272 

419 

0.4510 

0.5840 

0.5675 

665 

832 

749 

1,320 

420 

0.8530 

0.7445 

0.7988 

1,092 


1,067 

1,335 

421 

0.4575 

0.5570 

0.5073 

1 553 

1,122 

838 

1,653 

422 

0.5318 

0,6817 

0.6068 

696 

674 

685 

1,128 

423 

1.1095 

0.8130 

0.9613 

1,086 


978 

1,018 

424 

0.9665 

0.9265 

0.9465 

1,165 



1,152 

40S 

0.6455 

0.6980 

0.6718 

823 

893 

858 

1,277 

40L 

0.7316 

0.8097 

0.7707 

1,112 

1,117 

1,115 

1,446 


Series of 60 per cent of water-holding capacity 


600 

0.0600 

0.0445 

0.0523 

828 

713 

771 

14,742 

601 

0.1995 

0.2010 

0.2003 

681 

459 

570 


602 

0,1490 

0 2460 

0.1975 

504 

621 

573 

2,901 

603 

0.2405 

0.3040 

0.2723 

774 

582 

678 

2,493 

604 

0.3150 

0 2925 

0.3038 

874 

642 

758 

2,493 

605 

0.4025 

0.3410 

0 3719 

841 

693 

767 


606 

0.3455 

0.4155 

0 3805 

831 

851 

841 

2,210 

607 

0 3980 

0.5660 

0 4820 

611 

674 

643 

1,334 

608 

0.5755 

0 6145 

0.5950 


858 

794 


609 

0.6490 

0 5060 

0.5775 


646 

671 

1,162 

610 

0.5405 

0,4905 

0.5155 

678 

555 

617 

1,197 

611 

0.5210 

0.6000 

0.5605 

884 


762 

1,359 

612 

0.5432 

0 7660 

0.6546 


833 


1,321 

613 

1.0090 

1 .0380 

1,0235 



1236 

1,208 

614 

1.0115 

1 2070 

1 1093. 

1,233 

1,329 

1,281 

1,155 

615 

1 1050 

1.1980 

1.1515 

1,164 

1,391 

1,278 


616 

0.74.30 

0 8110 

0 7770 




1,644 

617 

0.9825 

1.0700 

1.0263 

1,232 

1,170 


1,171 

618 

1.2555 

0.9405 

1.0980 

1,294 

1,143 

mmm 

1,111 

619 

1.1880 

1.2350 

1 2115 

1,223 

1,487 

1,355 

1,119 

620 


0 8475 

0 9673 

1,376 

1,293 

1,335 

1,385 

621 



1.2070 

1,467 

1,391 

1,429 

1,184 

622 



0.9623 

992 

1,168 


1,123 

623 

1.1460 

WBi 

1.1840 

1,277 

1,284 

1,281 

1,082 

624 


mmi 

.1.1218 


1,496 


1,338 

60S 

1.3695 


1.4095 ! 

1,347 


1,384 

982 

60L 

1.4877 


1.4944 

1,893 

2,245 1 

2,068 

1,383 
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TABLE i-C<mdiidtd 


DEV WEIGHT OF TOPS 

TSAHSPntATION AND EVAPORATION 

WATER RE* 
QUIREMENTS 

A 

B 1 Average 

A 1 B 

Average 

Average 


Series of 80 per cent water-holding capacity 



gm. 

tm. 1 

gm. 



HBiHI 


800 

0.0700 


WEEm 

721 



10,385 

SOI 

0.5140 

0.2975 

itii 

927 



2,128 

802 

0.4895 

0.4300 

0.4598 

958 

986 

972 

2,113 

803 

0.5890 

0.5045 

0.5468 

1,081 

1,018 

1,050 

1,920 

804 

0.4200 

0.3075 

0..3637 

950 

825 

888 

2,440 

805 

0.4195 

0.4360 

0 4278 

907 

892 

900 

2,103 

806 

0.4350 

0.5260 

0 4805 

947 

1,029 

988 

2,059 

807 

0.5005 

0.4605 

0.4805 

942 

1,030 

986 

2,054 

808 

0.5370 

0,7430 

0 6400 

970 

1,014 

992 

1,550 

809 

0 8715 

0.8915 

0 8815 

1,090 

1,250 

1,170 

1,327 

810 

0.5965 

0 5960 

0.5963 

980 

956 

968 

1,624 

811 

0 6265 

0 6468 

0 6382 

1,009 

979 

994 

1,558 

812 

0.5270 

0 7900 

0.6585 

1,044 

1,089 

1,067 

1,620 

813 

0 9620 

0.8580 

0.9100 

1,241 

1,300 

1,271 

1,397 

814 

1.0820 

1.0500 

1.0660 

1,358 

1,511 

1,435 

1,346 

815 

j 1 1183 

1 3403 

1 2293 

1,455 

1,496 

1,476 

1,202 

816 

0 9765 

0.4110 

0.6938 

1,290 

966 

1,128 

1,625 

817 

0.7030 

1.0745 

0 8888 

1,218 

1,327 

1,273 

1,432 

818 

1 1850 

1 0755 

1 1303 

1,456 

1,348 

1,402 

1,241 

819 

1.0350 

0 5582 

0 7966 

1,413 

1,151 

1,282 

1,609 

820 

1.1460 

0 5675 

0.8568 

1,572 

1,155 

1,364 

1,592 

821 

1.4210 

1 2405 

1 3308 

1,776 

1,847 

1,812 

1,361 

822 

1 4510 

1.2060 

1 3285 

1,504 

1,391 

1,448 

*1,090 

823 

1.5320 

1 2978 

1 4199 

1,702 

1,508 

1,605 

1,130 

824 

1 9940 

1 4690 

1.7318 

2,055 

1,802 

1,929 

1,114 

808 

I 6375 

1 0075 

1 3225 

1,584 

1,575 

1,580 

1,194 

SOL 

1.8sW 

1.4415 

1 6404 

2,908 

2,355 

2,632 

1,605 


Lipman\s (136) formula, consisting of 0.5 gm. sodium nitrate, 3.0 gm. calcium 
carbonate, 0.6 gm. monopotassium phosphate and 0.05 gm. ferrous sulfate. 
For additional comparison, eight more cultures were treated with a nutrient 
solution, which approximately equals Shive’s (206) culture R 6 C 2 , as added in a 
single application at 60 per cent of water-holding capacity. These cultures 
were designated as 20wS, 40S,60S, and 805, respectively. 

The plants were germinated in moist sand and, when grown to about 2 
inches in height, transplanted into pots. Six plants, selected for uniformity 
in transplanting, were grown in each pot. The plants were harvested after 
30 days of growth in culture pots, dried in the oven for 2 days atOO^C. and then 
for 12 hours at lOS'^C. After cooling, the plants were weighed. The weights, 
together with data on transpired and evaporated water, and the water require- 
ment of plants are given in table 3, and illustrated in figure 1. 
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Results and Discussions 

On examining figure 1 and the values in table 3 one notices that there is a 
considerable variation in plant growth due to the different moisture contents 
under which the plants were grown. This is especially noticeable in culture 
pots from numbers 13 to 24 and including the cultures of Lipman (136) and 
of Shive (206). In some instances the variation between the culture pots kept 
at different percentages of moisture with the same fertilizer treatments is 
greater than the variations in the same series due to differences in applied 
fertilizer. In the majority of cases the yield from pots of the 20 per cent series 
is lower than that from the corresponding pots of the 40 per cent series. The 



Kept at different moisture contents and subjected to different fertilizer treatments, 
and the variations in the water requirement of plants under the same conditions; the different 
series of cultures were kept at the indicated percentages of the water-holding capacity 


yield of the 60 per cent series is well above that of the 40 per cent series. The 
80 per cent series was somewhat irregular in this respect. At times only did it 
exceed the corresponding values for the 60 per cent series. In the last three 
duplicate cultures with ammonium sulfate for the nitrogenous material the 
difference between pots of these two series was considerable and in favor of the 
80 per cent series. 

Another outstanding feature of figure 1 is the relation of plant growth to the 
•water Tequirement of plants. Taking it as a whole, there is a tendency for the 
curves of top yields to go upward, and for the curves of water requirement to go 
propoi tionally downward. There are, of course, some irregularities and exccp- 








INFLUENCE OF AMMONIUM SULFATE ON BARLEY 


433 


tions to this general tendency, but for the average of all series this inclination 
can easily be traced. 

The surface of the sand cultures was open and, for this reason, no account 
was taken of the evaporation of water. Therefore, the transpiration of plants 
and the evaporation of water from the surface of sand in the pots were taken 
together in calculating the water requirement of plants. It is fully realized 
that these values do not represent exactly the water requirement of plants, 
for which only the transpiration through the plants is usually taken. But 
this procedure, perhaps, more nearly approaches the field conditions, where one 
deals with the total water loss from the soil, as influenced by both the intake 
of water by the roots of the plants and the surface evaporation. 

In the series with moisture equal to 20 per cent of water-holding capacity, 
or 4.86 per cent of water based on air-dry sand, the growth of the plants was 
very small, regardless of the fertilizer treatment. The plants were stunted. 
The variations in the dry weight of six plants were from 0.1895 gm. in culture 
204 to 0.5195 gm. in culture 220. The water requirement of the tops, or the 
grams of water transpired and evaporated per gram of dry matter produced, 
varied from 823 gm. in culture 221 to 1207 gm. in culture 213. In the series 
whose moisture content was equivalent to 40 per cent of the water-holding 
capacity the variations were greater, the maximum growth being 0.9613 gm. 
in culture 423 and the minimum, 0.2645 gm. in pot 401. The maximum and 
the minimum water requirements in this series corresponded with the minimum 
and the maximum growth of tops, respectively. That is to say, the plants 
with the best growth of tops had the lowest water requirement, and vice versa. 
The maximum plant growth in the series with 60 per cent of the water-holding 
capacity was 1.2115 gm. in culture 619, and the minimum growth 0.1975 gm. 
in culture 602. The last culture was the one with the highest water require- 
ment, the figure being 2901 gm., while the lowest water requirement was in 
culture 623 with a value of 1082 gm. In the 80 per cent series the lowest 
production coincided with the highest water requirement, and the highest pro- 
duction with the lowest water requirement. In the first case it was culture 
804 with 0.3637 gm, for the dry weight of the tops and 2440 gm. for the water 
requirement. In the second case it was culture 824, and the figures were 1.7315 
gm. and 1114 gm., respectively. 

The growth of plants from cultures 1 to 12 was small in all series, and the 
differences between two consecutive series inconsiderable. By consulting 
table 2, one notices that the backward growth was merely due to the insuffi- 
cient supply of nitrogen. 

One can trace further the relation of lime to the total yield of plants. The 
culture numbers 1, 4, 7, 10, 13, 16, 19, and 22 had the smallest application of 
calcium carbonate. In many cases, t|iese pots were the lowest in dry matter 
produced as compared with the pots with the larger application of calcium 
carbonate, otherwise having been treated alike. 

There was some response to the larger application of monopotassium phos- 
phate, although the degree of the response was often very low. 
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The plants with 0.4 gm. of ammonium sulfate per pot had a tendency to 
lodge. It was not entirely due to the heavy growth, because the same general 
phenomena were noticed in every series, though the plants in the 20 per cent 
series even with this application of nitrogenous fertilizer had much poorer 
growth than those of other series with the lesser nitrogen supply. It is sup- 
, posed that this was due to the poor balance of different components in the 
resultant nutrient solution. As the results of subsequent experiments show 
(see table 10 and the accompanied discussion), this supposition was perhaps 
correct. 

It would not be out of place at this time to discuss briefly the behavior of 
ammonium sulfate in comparison with nitrate of soda, or calcium nitrate, as 
a source of nitrogen in this experiment. In the three series out of four there 
was always one or more cultures that exceed both Lipman’s and Shivers cul- 
tures of the same series. Only the 60 per cent series failed in this respect. 
Both Lipman’s and Shive's cultures in this series had better yields than any 
pots in the same series, having ammonium sulfate for the nitrogen supply. 
The comparison between these nitrogenous fertilizers was not made on a 
strictly equal basis. But it was not intended to study the efficiency of these 
different nitrogenous fertilizers for plant growth. It was merely used for com- 
parison of ammonium sulfate under different moisture conditions with the 
formula of known behavior in the vegetative experiments. 

The untreated pots were in every case the poorest in the yield of dry matter 
produced in that series. After transplanting the seedlings into the pots, the 
plants made hardly any growth at all. It seems that the seedlings could thrive 
only as long as the plant-food remained in the seed. The difference in moisture 
content did not cause any (iifference in their action. 

EFFECT OF MOISTURE CONTENT OF SASSAFRAS LIGHT SANDY LOAM ON THE 
GROWTH OF BARLEY, WITH AMMONIUM SULFATE AS THE 
SOURCE OF NITROGEN 

Procedure 

The experiment which was described in the preceding pages, was repeated is 
a general way with the Sassafras light sandy loam for the medium of growth 
The plants were grown in the same pots, 2 kgm. of soil being used. In this 
instance the seeds were planted directly in the pots where they were to grow. 
Fifteen seeds were thus planted for the purpose, and, when germinated, they 
were thinned to 8 seedlings per pot. During the germination the soil moisture 
was kept at 60 per cent of the water-holding capacity. After thinning, the 
water was allowed to evaporate until it reached the required per cent. From 
this point on it was kept constant in the way previously described for the sea 
sand. 

The water-holding capacity of the soil was 27.7 per cent, as determined by 
the funnel method. Tabic 4 gives the per cent of moisture at which the dif* 
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ferent series of pots were kept and also the total amount of water maintained 
in the pots of each series. The hygroscopic moisture of the soil is 0.94 per 
cent, based on oven-dry soil. ' 

The fertilizer treatment of the different pots was precisely the same as given 
in table 2 for the sea sand. Aside from the fact that some plant-food was 
available in the soil itself, all other relations were maintained in the same 
manner as in the case of the sea sand in the foregoing experiment. 

The plants were harvested after 30 days of growth, beginning with the day 
when the moisture content of every series was brought to the required level. 
The results are presented in table 5 and illustrated with figure 2, following the 
procedure adopted for the experiment described above. 

Results and discussion 

Looking over table 5 and figure 2 and comparing them with table 3 and 
figure 1, one notices a considerable similarity between these two sets of values. 

TABLE 4 

Moisture content in Snssafras liultt sandy loam of different series 


PER CENT OF WAl ER-HOUJINO 
CAPACITY 

PER C ENT OP WATER BASED ON 

DRY SOIL 

AMOUNT OP WATER PER POT 



CC. 

20 

5.54 

110.8 

•10 

11.08 

221.6 

60 

16.62 

332.4 

80 

22 16 

443.2 


Yet there are some differences which occur rather loo consistently to be attrib- 
uted to experimental error. The crop-yield curves of the different series run 
in the following order. The curve of the 20 per cent series is conspicuously 
low. The curves of the 40 and the 80 per cent scries run fairly well together, 
while that of the 60 per cent series in most cases exceeds them all. In other 
words, the crop yield increased with the increase in the moisture content up to 
60 per cent of the water-holding capacity, and then decreased with the further 
increase in the moisture. In this case the behavior of plants in the soil is 
somewhat different from that in the sea sjind. It seems that the air supply 
is the cause of this phenomenon. In the sea sand, which naturally is more 
easily accessible to currents of air, the lack of aeration was not felt by the 
plants. In the soil, however, the aeration n^is somewhat slower, though the 
total air space remained greater than in the sand. 

Another difference in the results of this experiment as compared with that 
of the sea sand lies in the response of plants to the application of lime. In most 
cases in the last three series, when nitrogen, potash and phosphorus remained 
the same, the smaller application of calcium carbonate gave as good a yield 
of barley as did the larger application. Indeed, in many cases the larger 
applications of calcium carbonate decreased the yield. A glance at figure 2 
reveals this relation very clearly. 
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TABLE 5 


Dry weight of barley grown in Sassafras light sandy loam of different moisture conteniSf total 
water losi per potj and amount of water required to product 1 gm, of dry matter under 
different treatments of salts 


POT NO. 

DRY WEIGHT OP TOPS 

TRANSWRATION AND EVAPORATION 

WATER 

REQUIREMENT 


A 

B 1 Average 

A 1 * B { Average 

Average 


Series of 20 per cent of water-holding capacity 



gm. 

1 gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

200 

0.3330 


0.3380 

483 

464 

474 

1,402 

201 



0.3925 

480 

529 

505 

1,287 

202 

0.S42S 


0.4889 

570 

525 

548 

1,120 

203 

0.5635 


0.4413 

539 

478 


1,100 

* 204 

0.5460 

0.6525 

0.5993 

505 

538 

522 

871 

205 



0.5830 

529 

497 

513 

880 

206 

0.7595 


0.6868 

520 

535 

528 

769 

207 

0.5760 

0.5010 

0.5385 

552 

487 


966 

208 

0.5100 

0.4645 

0.4873 

512 

530 

521 

■Kim 

209 


0.4240 

0.5645 

579 

529 

554 

982 

210 

mm 

0.6720 

0.7200 

491 

502 

497 

691 

211 


0.6370 

0.7675 

544 

505 

525 

684 

212 

0.5853 

0.7338 

0.6596 

464 

535 


558 

213 


0.5427 

0.,5769 

485 

522 


873 

214 

0.3515 

0.4837 

0.4676 

493 

471 

482 

1,030 

215 

mmm 

0.5380 

0.6160 

548 

531 

540 

877 

216 

iBI 

0.8560 

0.8975 

529 

543 

536 

598 

217 

1.0580 

0.9370 

0.9975 

548 

537 

543 

545 

218 

0.8195 

0,98S^ 

0.9040 

531 

572 

552 

610 

219 

0.5825 

0.4750 

0.5288 

501 

461 

481 

909 

220 


0.5795 

0.5808 

488 

501 


852 

221 


1 .1745 

0.7888 

464 

655 


710 

222 




532 


526 

527 

223 


mmm 

1 .0123 

541 

524 

533 

527 

224 

1.0248 

wBm 

1.1289 

554 

606 


514 

20S 

0.8710 


0.8055 

546 

491 

519 

645 

20L 

0.7875 

0,6802 

0 7339 

505 

491 

498 

i 679 

1 


Series of 40 per cent of water-holding capacity 


400 

0.7175 

0 6440 

0.6808 

961 

853 

907 

1,332 

401 

1.0435 

1 0350 

1.0395 

949 

989 

969 

933 

402 

1.1090 


1.1475 

957 

971 

964 

855 

403 

1.0235 

IBSI 

1.0643 

990 

907 

949 

892 

404 

1.1635 

■Bl 

1.1913 

992 

1,028 

1,010 

923 

405 

1.2520 

1 .0730 

1.1625 

999 

927 

963 

829 

406 

1.0370 


1.0725 


864 

885 

825 

407 

1.3050 


1.3048 

983 

918 

951 

728 

m 

1.2070 


1.2585 

959 

956 

958 

761 

409 

1.3220 

1.2230 

1.2725 


874 

939 

738 

UO 

1.3775 


1.4258 

976 

947 

962 

674 














INFLUENCE OF AMMONIUM SULFATE ON BARLEY 


437 


TABLE Sr^ontinutd 


POT NO. 

DRY 

WEIGHT OF TOPS 

A 

B 

Average 


gm. 

gm. 

gm. 

411 

1.1700 

1.4020 

1.2860 

412 

1.4040 

1.5990 

1 5015 

413 

1.6050 

1.6760 

1 6405 

414 

1 6515 

1.3265 

1.4890 

415 

1.1615 

1.2405 

1.2010 

416 

1.7795 

1.7395 

1.7595 

. 417 

1.5590 

1 8030 

1.6810 

418 

1.3280 

1.8150 

1.5715 

419 

1.9420 

2.0805 

2 0113 

420 

2.0040 

2 1850 

2.0945 

421 

1.8335 

2.0245 

1.9290 

422 

2 1600 

2.2327 

2.1964 

423 

2.1625 

1.9178 

2 0402 

424 

2.1550 

2.0510 

2 1030 

40S 

1.2800 

1.6970 

1.4885 

40L 

1 9880 

1.9<)80 

1.9930 


TBANSFIRATION AND EVAPORATION 

WATER 

REQUIREICENT 

A 

B 

Average 

Average 

gm. 

gm. 

gm. 

gm. 

980 

893 

937 

728 

959 

981 

970 

646 

998 

963 

981 

598 

1,037 

894 

966 

649 

890 

792 

841 

700 

1,003 

1,009 

1,006 

571 

1,044 

994 

1,019 

607 

905 

1,037 

971 

618 

1,069 

1,013 

1,041 

518 

1,084 

1,072 

1,078 

515 ^ 

1,034 

1,020 

1,027 

532 

1,046 

1,037 

1,042 

474 

1,079 

951 

1,015 

498 

1,030 

1,056 

1,(H3 

496 

968 

975 

972 

653 

1,060 

1,084 

1,072 

538 


Series of 60 per cent of water-holding capacity 


600 

0.7920 

0.6540 

0.7230 

1,100 

998 

1,049 

: 1,445 

601 

1 0405 

1.1150 

1 .0778 

1^156 

1,136 

1,146 

1,062 

602 

1.1965 

1.1525 

1,1745 

1,159 

1,176 

1,168 

997 

603 

1.0718 

1,1540 

1.1129 

991 

1,090 

1,041 

934 

604 

1.1110 

1 2310 

1.1710 

1,218 

t,139 

1,179 

1,006 

605 

1.0475 

1.1825 

1.1150 

1,123 

1,167 

1,145 

1,027 

606 

1 1620 

1.1610 

1.1610 

1,097 

1,065 

1,081 

931 

607 

1 3200 

1 5485 

1 4343 

1,064 

1,216 

1,140 

795 

608 

1.3635 

1 3100 

1 3368 

1,150 

1,217 

1,184 

886 

609 

1.3140 

1 .3335 

1 3438 

1,081 

1,078 

1,079 

803 

610 

1 3770 

1.4245 

1 4008 

1,113 

1,088 

1,101 

786 

611 

1.3500 

1.3830 

1 3665 

1,148 

1,138 

1,143 

837 

612 

1.4540 

1.2660 

1 3600 

1,143 

1,030 

1,087 

799 

613 

1.8585 

1.6940 

1.7763 

1,191 

1,247 

1,219 

687 

614 

1.5980 

1.2960 

1.4470 

1,142 

1,082 

1,112 

768 

615 

1.5675 

1.6820 

1 6248 

1,145 

1,228 

1,187 

730 

616 

2.0680 

1 .8975 

1.9828 

1,293 

1,115 

1,204 

607 

617 

1.9200 

1 .9050 

1 9125 

1,282 

1.220 

1,251 1 

654 

618 

1.9310 

1.8875 

1,9093 

1,275 1 

1,179 

1,227 

643 

619 

2.2240 

2.4495 

2.3368 

1,353 

1,470 

1,412 

604 

620 ! 

2.1815 

2.5025 

2.3420 

1,287 

1,517 

1,402 

599 

621 

2.3350 • 

2.2715 

2.3033 

1,441 

1,408 

1,425 

619 

622 

' 2.5975 

2.6245 

2,6110 

1,433 

1,557 

1,495 

573 

623 

2.4020 

2.4695 

2.4358 

1,506 

1,335 

1,421 

583 

624 

2.5230 

2.4092 

2.4661 

1,413 

1,357 

1,385 

562 

60S 

1.9780 

1.8600 

1.9190 

1,459 

1,224 

1,342 

699 

60L 

2.3820 

2.7240 

2.5530 

1,632 

1,731 

1,682 

658 


SOIL aaBNClB« VOL. V, NO. 6 
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TABLE S-fJonduded 


DRY WnOBT 07 TOPS 

TRANSFIRATZON AMD EVAPORATION 

WATER 

REQUZmEiaENT 

A 

B 1 Average 

A 1 B 

Average 

Average 


Series of 80 per cent of water-holding capacity 



gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

800 

0.6320 

0.7135 

0.6728 

839 

907 

873 

1,297 

801 

0.9545 

1.0500 

1.0023 

1,017 

1,017 

1,017 

1,014 

802 

0.9165 

1.0065 

0.9615 

982 

991 

987 

1,027 

803 

0.9665 

1.0530 

1.0098 

1,104 

1,113 

1,109 

1,098 

804 

0.9985 

0.9685 

0.9835 

1,031 

999 

1,015 

1,032 

. 805 

0.9547 

0.8880 

0.9214 

1,026 

980 

1,003 

1,090 

806 

0.9210 

1.0085 

0.9648 

1,033 

1,023 

1,028 

1,065 

807 

1.1420 

1.3005 

1.2213 

1,033 

1,313 

1,173 

961 

f 808 

1.1250 

1 3420 

1.2335 

1,115 

1,213 

1,164 

944 

809 

1.1775 

1.2470 

1.2123 

1,183 

1,227 

1,205 

995 

810 

1.0172 

1.2550 

1.1361 

1,164 

960 

1,012 

979 

811 

1 . 1920 

1.1695 

1 . 1808 

1,149 

1,059 

1,104 

935 

812 

1.1075 

1.1800 

1.1438 

1,108 

1,101 

1,105 

965 

813 

1.7750 

1.6610 

1 7180 

1,285 

1,279 

1,282 

946 

814 

1.6450 

1.7190 

1.6820 

1,294 

1,426 

1,360 

809 

815 


1.5795 

1.5795 

1,162 

1,344 

1,344 

793 

816 

1.5780 

1.6670 

1,6225 

1,255 

1,222 

1,239 

764 

817 

1.7100 

1.5270 

! 1.6185 

1,334 

1,112 

1,223 

756 

818 

1.6230 

1.6830 

1.6530 

1,416 

1,284 

1,350 

816 

819 

1.9720 

2 1955 

2.0838 

1,450 

1,587 

• 1,519 

729 

820 

2.1470 

2.0225 

2.0348 

1,560 

1,603 

1,582 

777 

821 

1.9310 


1 .9310 

1,565 

1,393 

1,479 

845 

822 

1.9328 

1,8635 

1.8982 

1,398 

1.311 

1,355 

714 

823 

2.0530 

! 2 2350 

2.1440 

1,497 

1,601 

1,549 

722 

824 

2.1655 

1 1.9000 

2 0328 

1,592 

1,441 

1,517 

746 

80S. 

1.5695 

1.4655 

1.5175 

1,699 

1,707 

1,703 

1,122 

80L 

1.7460 

1.8925 

1.8193 

1,523 

1,707 

1,615 

890 


All curves tend to go upward, thus showing the increasing response to the 
application of nitrogen. With 0.2-gm. and 0.4-gm. applications of ammonium 
sulfate per pot there is some, difference in plant growth with the different ap- 
plications of monopotassium phosphate, the greater yield being produced 
with the large application of this salt. This tendency is noticeable with every 
moisture content. No such inclination can be traced when ammonium sulfate 
was added only to the extent of 0.05 gm. or 0.1 gm. per pot. The limiting 
factor in the first 12 pots, common in all series, was nitrogen. This fact, per- 
haps, accounts for the lack of appreciable influence of either calcium carbonate 
or monopotassium phosphate. 

The relation of the total yield of barley to the water requirement of plants 
is very apparent. With the increase in total yield there is a decrease in the 
arhount of water required to grow a unit of dry matter. This is true in every 
series, but it does not hold true when one compares the cultures on the basis of 
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moisture content. The curve for the values of water requirement of the 20 per 
cent series is very erratic. The remaining three series are quite consistent in 
their behavior. Taking into consideration only these three series, the greatest 
amount of water needed to produce a unit of dry matter is noticed in the 80 
per cent series; this is followed by the 60 per cent series; and the 40 per cent 
series is the most economical in the use of water. 

In the 20 and the 40 per cent series the cultures of the minimum yield corre- 
spond with the highest water requirement of plants, and the cultures of the 



Fig. 2. The Variations in the Plant Yield of Sassafras Light Sandy Loam 


Kept at different moisture contents and subjected to different fertilizer treatments, and the 
variations in the water requirement of plants under the same conditions; the different series 
of cultures were kept at the indicated percentages of water-holding capacity 


maximum yield coincide with the lowest water requirement. In the 60 per cent 
series the culture of the minimum yield has the highest water requirement, 
while the culture of the maximum yield is the second from the lowest in the 
♦ water requirement. In the 80 per cent series the coincidence of lowest yield 
with the highest water requirement is not so exact, although quite similar. 

Taking all the series together, there is a general tendency for the crop yield 
to go upward, beginning with culture,!, while for the curves of water 
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requirement of the plants the tendency is to go proportionally downward. 
This relation is quite apparent from figure 2. 

The control pots, or the pots which remained untreated, had in every case 
the lowest yield of the series. Of the control cultures, those of the 20 per cent 
series had the lowest yield, while the pots of the remaining three series had 
practically the same yield (see no. 1 in figure 2). It seems that, beginning with 
the moisture content of 40 per cent of the water-holding capacity, the limiting 
factor was neither water nor iteration, but plant-food; for, beginning with 
culture 1, there was some response to the application of either one salt or 
another. . 

The standard cultures, which were represented by Lipman's (136) and 
Shivers (206) culture formulas, were designated by letters L and S, respectively, 
prefixed to the culture numbers. In the plant yields they followed the general 
rule for cultures with ammonium sulfate. The highest yield for both standard 
cultures was with the 60 per cent moisture, followed by 40 and 80 per jent in 
close succession, while the yield of the 20 per cent series was the lowest. In 
every series there were one or more cultures which exceeded in yield both the 
Lipman and the Shive cultures. 

THE OSMOTIC CONCENTRATION OF THE SOIL SOLUTION, AND ITS EFFECT ON THE 
GROWTH OF BARLEY PLANTS IN SEA SAND AND SASSAFRAS 
LIGHT SANDY LOAM 

Refering again to the figures 1 and 2, one observes that the curves for 
the Values of the 20 per cent series stand all by themselves. This is espe-* 
cially true in the case of the Sassafras light sandy loam, and also in the sea 
sand, where nitrogen was supplied in abundance. 

The question naturally arises: Why was there so great a difference in plant 
growth between the 20 per cent and the 40 per cent series in comparison with 
the differences between the 40 and 60 per cent series, and, again, between the 
60 and 80 per cent series? 

The answer that suggests itself is that it might be due to the increase in 
osmotic pressure of the solution in which the plants are grown. In preparing 
the cultures of the different series the same amount of salts was taken for the 
corresponding number of each series. The solution for the 40 per cent series, 
therefore, was less concentrated than that for the 20 per cent series. The 
solution of the 60 per cent series was less concentrated than that of the 40 per 
cent series; and, finally, the solution of the 80 per cent series was the most 
dilute of the four series. This natural progress in dilution of the nutrient solu- 
tion takes place in a liquid medium, or in the homogenous system. Shall it 
proceed in the same way, when a solid material is introduced into the system? * 
In other words, shall the increase in concentration in the soil solution due to 
the application of the nutrient solution be proportional to the decrease in the 
total moisture content of the soil or sand ? 
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TABLE 6 

OsmoUc concentration of nutrient solutionSt the sea sand treated with time solutions and the sand 
at the end of the vegetation experiment 


FREEZING-POINT DE- 
PRESSION OF SAND 
TREATED WITH THE 
NUTRIENT SOLUTIONS 
(before growing 

CROP) 

OSMOTIC 

CONCEN- 

TRATION 

FREEZING-POINT DEPRES- 
SION OF SAND TREATED 
WITH THE NUTRIENT 
SOLUTIONS (AFTER 

GROWING crop) 

OSMOTIC 

CONCEN- 

TRATION 

FREEZING-POINT DEPRES- 
SION OF THE ORIGINAL 
NUTRIENT SOLUTION 

OSMOTIC 

CONCEN- 

TRATION 

•c. 

1 

•c. 

2 

•c. 

average 

Atmos- 

pheres 

average 

“C. 

1 

•c. 

2 

•c. • 

average 

Atmos- 

pheres 

average 

•c. 

1 

“C. 

2 

•c. 

average 

Atmos- 

pheres 

average 


Series of 20 per cent of water-holding capacity 


200 ' 

0 058 

0 050 

0.054 

0.651 

0 010 

0 oil 

0 on 

0.133 





201 1 

0.340 

0 342 

0.341 

4.100 

0.093 

0 078 

0 086 

1 .037 

0.165 

0 169 

0 167 

2.014 

202 ! 

0..H5 

0 321 

0 333 

4 014 

0 083 

0 083 

0 083 

1.001 





20d 

0 300 

0 305 

0 303 

3 652 

0 085 

0 093 

0 089 

1.084 





207 

0.363 

0 320 

0 342 

4 122 

0 111 

0 101 

0.106 

1.278 

0.185 

0 191 

0.188 

2 267 

208 

0.348 

0.s332 

0 340 

4 098 

0.102 

0.108 

0 105 

1 266 





209 

0 323 

0.335 

0 329 

3 966 

O.llO 

0.100 

0.105 

1 266 





213 

0 508 

0 503 

0 506 

6.097 

0 158 

0 152 

0 155 

1 8o9 

0 223 

0 223 

0.223 

2.688 

214 

0 495 

0 507 

0 501 

6 037 

0 160 

0.152 

0 156 

1.881 



1 


215 

0 400 

0 405 

0 403 

4 857 

0.143 

0 143 

0.143 

1 724 

* 




219 

0 510 

0 520 

0 515 

6 205 

0 201 

0 107 

0.199 

2 400 

0.282 

0 284 

0.283 

3 401 

220 

0 500 

0.472 

0.486 

5 856 

0.220 

0.211 

0 216 

2 604 





221 

0 485 

0 510 

0 496 

5 976 

0.162 

0 167 

0 165 

1 990 






Scries of 40 per cent of water-holding capacity 


400 

0 030 

o 

q 

d 

0 030 

0 362 

0 008 

0.008 

0 008 

0 09C 






401 

0 102 

0.101 

0 102 

1 230 

0 042 

0.032 

0 0371 

0 446 

0.105 

0 101 

0 103 

1 

242 

402 

0 104! 

0.102 

0 103 

1 242 

0 030 

0 028 

0 029 

0 350 






403 i 

0,102 

0 102 

0 102 

1 230 

0 027 

0 038 

0 033 

0 398 






407 

0 150 

0.143j 

0 147 

1 772 

0 052 

0 052 

0 052 

0 627 

0.117 

0 117 

0.117 

1 

411 

408 

0.128 

0 148 

0 138 

1.664 

0 029 

0 030 

0.030 

0.362 

i 





409 

0.142 

0.130 

0.136 

1 640 

0 047 

0 040 

0 044 

0.530 






413 

0 165 

0.170 

0 168 

2.026 

0 037 

0 037 

0 037 

0 446 

0 123 

0.125 

0 124 

1 

495 

414 

0 165 

0 158 

0.162 

1.954 

0 057 

0 055 

0 056 

0 675 






415 

0.1621 

0.155 

0.158 

1.906 

0.056 

0 055 

0 056 

0 675 






419 

0.217 

0.217 

0 217 

2.6161 

0.098 

0.108 

0.103 

1.242 

0,148 

0.149 

0 149 

1 

.797 

420 

0.222 

0,197 

0,209 

2 520 

0.0751 

0.075 

0.075 

0.904 






421 

0.222 

0.222 

0 222 

2 676 

0.088 

i 

0.113 

0 101 

1 218 


j 




Series of 60 per cent of water-holding capacity 

600 

0.014 

0.012 

0.013 

0.157 





1 





601 

0.077 

0.075 

0 076 

0.916 

0 054 

0 055 

0 055 

0.663 

0.050 

0 050 

0.050 

0 

603 

602 

0.072 

0,072 

0 072 

0 868 

0,052 

0 060 

0.056 

0 675 






603 

0.068 

0.067 

0,068 

0.820 

0,062 

0.062 

0 062 

0 748 






607 

0.080 

0.081 

0.080 

0 965 

0 036 

0 034 

0.035 

0.422 

0 065 

0 065 

0.065 

0 

.784 

608 

0.084 

0.085 

0.085 

1 025 

0.034 

0.032 

0 033 

0,398 






60*) 

0.090 

0,087 

0.084 

1.013 

0.049 

0 032 

0.036 

0.434 






613 

0.129 

0.124 

0.126 

1.519 

0 070 

0.067 

0 069 

0 832 

0.080 

0 080 

0 080 

0 

.965 
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TABLE S-^CoHcludtd 


IRXBZINO-POXNT DX- 
PKXSSION OF SAHD 
TSXATXD WITH TBB 

NUTsiBNT soLtmom 

(BXPORS GROWING 
CROP) 

1 

FREEZIKO-FOINT DEPRES- 

SION OF SAND TREATED 
WiriZ THE NUTRIENT 

soLvrioNS (after 

GROWING crop) 

osmotic 

concen- 

tration 


osmotic 

CONCEN- 

TRATION 

•c. ’ 
1 

•c. 

2 

•c. 

average 

Atmos- 

pheres 

average 

•c. 

1 

•c. 

2 

•c. 

average 

'Atmos- 

phere 

average 

•c. 

1 

•c. 

2 

average 

Atmos- 

pheres 

average 


Series of 60 per ceAtjof water-holding capacity — Continued 


614 

0.126 

0.126 

0.126 

1.519 

0.052 

0.052 

0.052 

0.627 





615 

0.126 

0.122 

0.124 

1.495 

0.062 

0.061 

0.062 

0 . 74 ? 





619 

0.140 

0.152 

0.146 

1.760 

0.058 

0.054 

0.056 

0.675 

0.100 

0.100 

0.100 

1.206 

620 

0.122 

0.127 

0.125 

1.507 

0.070 

0.057 

0.064 

0.772 





621 

0.129 

0.127 

0 128 

1.434 

0.057 

0.057 

0.057 

0.687 






Series of 80 per cent of water-holding capacity 


800 

0.006 

0.004 

0.005 

0 060 

0.003 

0.004 

0.004 

(f .048 





801 

0.053 

0.059 

0.056 

0.675 

0.035 

0.025 

0.030 

0.362 

0.043 

0.043 

0.043 

0 . 51 J 

802 

0.057 

0.057 

0 057 

0.687 

0.035 

0.032 

0.034 

0.410 





803 1 

0,055 

0.055 

0.055 

0.663 

0.045 

0.039 

0.042 

0.504 





807 I 

0.075 

0 068 

0 072 

0.868 

0.035 

0.035 

0.035 

0.422 

0.051 

0.053 

0.052 

0 . 62 ; 

808 

0 075 

0.073 

0.074 

0.892 

0.033 

0.031 

0.032 

0.386 





809 

0.073 

0.070 

0.072 

0.868 

0.021 

0.021 

0.021 

0 253 





813 

0.080 

0.078 

0.079 

0.953 

0.028 

0.028 

0 028 

0.338 

0.065 

0.065 

0.065 

0 . 78 - 

814 

0 077 

0.070 

0.074 

0.892 

0.030 

0.024 

0.027 

0.326 





815 

0.069 

0.073 

0.071 

0.856 

0.026 

0.028 

0.027 

0.326 





819 

0.110 

0.101 

0.106 

1 278 

0.025 

0.025 

0.025 

0.301 

o'. 080 

0.080 

0.080 

0 96 ' 

820 

0.101 

0.090 

0.096 

1.158 

0.030 

0.026 

0.028 

o.iu 





821 

0.083 

0.098 

0.091 

1.097 

! 0.030 

I 

0.027 

0.029 

0.350 






Procedure 

In order to answer these questions the osmotic concentration of the nutrient 
solutions before and after adding them to the sand or soil was determined 
by means of the freezing-point method,. The solutions themselves were tested 
in the usual way by the cryoscopic method; and those in the sand or soil by 
the modification of the cryoscopic method, as outlined by Bouyoucos and 
McCool (28), The calculations were made with the aid of the table of Harris 
and Gortner (86), At the end of the vegetation experiment, immediately 
after harvesting the plants, the soil or the sand of the pots was brought to the 
original moisture content. Then the contents of the pot were emptied on 
a clean oil-cloth, the soil was thoroughly mixed and the samples were taken 
I to test the osmotic concentration of the material. To determine the con- 
. centration of the soil solution before growing the plants the following procedure 
was adopted. Twenty-five grams of the soil treated with the proper amount 
of calcium carbonate was taken, mixed with the required amount of the nu- 
trient solution, and placed into the freezing test tube. On the following day 
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TABLE 7 

Osmotic concentration of nutrient solutions^ the Sassafras light sandy loam treated* with these 
solutions j and the same loam at the end of the vegetation experiment 


FAKEnNC-POlNT OE- 
PRE8SIOK OF BOIL 

tkbated wits nu- 
trient SOLUTION 
(before OROWING 
CROP) 

OSMOTIC 

CONCEN- 

TRATION 

FREEZING-POINT DEPRES- 
SION OF SOIL TREATED 
WITH NUTRIENT SOLU- 
TION (after growing 

. CROP) 

OSMOTIC 

CONCEN- 

TRATION 

FREEZING-POINT DEPRBS - 
SION OF THE ORIGINAL • 
NUTRIENT SOLUTIO!^ 

■ 

•c. 

1 

•c. 

2 ' 

•c. 

average 

Atmos- 

pheres 

•average 

•c. 

1 

•C. 1 •€. 

2 1 average 

Atmos- 

^pheres 

average 

•c. 

1 

•c* 

2 

•c. 

average 

Atmos- 

pheres 

average 


Series of 20 per cent of water-holdinig capacity 



0.619 

0.621 

M 

7.469 

0.580 

M 

0.555 






201 

0.653 

0.658 



0.615 


0.618 

7.445 

0.155 

0 155 

0.155 

1.869 

202 

0.663 

0.652 

0.658 

7 927 

0.652 

0.622 

0.637 

7.674 





203 

0.720 

0.725 

0.723 

8.708 

0.562 


0.552 

6.652 





207 


0.728 

0.716 

8.624 

0.587 

0.585 

0 586 

7.060 


0.164 

0.165 

1.990 

208 


0.635 

WiWCrLt] 


0.635 

0.612 


7.517 







0.638 

0.626 

7.541 



0.587 








0.708 

0.693 

8.348 


0.630 


7.349 

0.189 

0.187 

0.188 

2.267 


» t 

0.722 

0.717 

8.636 




7.830 






w $ 

0.765 

0.750 


HBj] 


0.613 

7 .385 






X % 

0.799 

0.782 

9.418 

0.675 


0.672 


0.248 

0.250 

0.249 

3.002 

mi 

W 1 

0.749 

0.760 

9.154 

0.690 


0.699 

8.420 





m 

301 


IHt 



JSSm 








Series of 40 per cent of water-holding capacity 


400 

0.119 

0.124 

0.122 

1 471 

0 108 

0.107 

0.108 

1 

.303 







401 

0.140 

0.150 

0.145 

1.748 

0.121 

0.125 

0.123 

1 

.483 

0 

089 

0.091 

0 090 

1 

085 

402 

0.160 

0,175 

0.168 

2 022 

0.124 

0 126 

0.125 

1 

507 







403 

0.147 

0.170 

0,159 

1.918 

0.119 


0 119 

1 

435 







407 

0.160 

0.151 

0 156 

1.881 

0.116 

0.111 

0.114 

1 

.363 

0. 

095 

0.095 

0.095 

1 

145 

408 

0.160 

0 151 

0.156 

1.881 

0.106 

0.116 

0 111 

1 

.339 







409 

0,150 

0.149 

0.150 

1.809 

0.111 

0 101 

0 106 

[ 1 

278 







413 

0 154 

0.171 

0.163 

1.966 

0.149 

0 142 

0 145 

' 1, 

748 

0 

112 

0 105 

0.109 

1 

.315 

414 

0.188 

0 151 

0.170 

2.050 

0.139 

0.128 

0 134 

1, 

.506 







415 

0.163 

0.146 

0.155 

1.869 

0.112 

0.107 

0.110 

1 

327 







419 

0.164 

0.156 

U.160 

1.930 

0.152 

0,160 

0.156 

1 

.881 

0 

140 

0.140 

0.140 

1 

688 

420 

0.164 

0.169 

0.166 

2.002 

0.153 

0.145 

0.149 

1 

.797 







421 

0.166 

0 161 

0.164 

1.978 

0.123 

0 139 

0.131 

1 

.470 








Series of 60 per cent of water-holding capacity 


600 

0.018 

0.016 





fH R 






601 

0.042 

0.041 


0 506 

0.018 

0.020 



0 061 



0.748 

602 

SETS 



0.494 

0.019 

0 019 







603 

0.041 

0.042 


0,506 









607 

[gpi13 

0.045 

0.045 

0.542 

qR! ! 

0.032 

I 





0,832 

608 

0.046 

0.049 

0.047 

0.566 




U 289 





609 

mm 


0.049 


BjB' ! 

HRS 


0.253 





613 

0.045 


0.045 

0.542 

0.032 



0 325 




0.868 

614 

0.051 

0.051 

0,051 

0.614 


Dm 
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TABLE l-^oncluded 


FREEZXKG-POINT DF- 
PRESSION OP SO XL 
TRSATSD WITH NU- 
TRIENT SOLUTION 
(BEFORE GROWING 

crop) 

osmotic 

concen- 

tration 

freezing-point depres- 
sion of soil treated 

WITH NUTRIENT SOLU- 
TION (after GROWING 
CROP) 

OSMOTIC 

CONCEN- 

TRATION 

FREEZING-POINT DEPRES- 
SION OF THE ORIGINAL 
NUTRJEMT SOLUTION 

OSMOTIC 

CONCEN- 

TRATION 

•c. 

1 

-c. 

2 

•c. 

avexRge 

Atmos- 

phere 

average 

•c- 

1 

•c. 

2 

•c. 

average 

Atmos- 

pliere 

aveiage 

•c. 

1 

•c. 

2 


Atmos- 

pheres 

average 


Series of 60 per cent of water-holding capacity — Continued' 


615 

0 

045 

0.049 

0.047 

0.566 

0.027 

0.027 

0 

027 

0 

325 





619 

0 

062 

0 060 

0.061 

0.736 

0.037 

0 040 

0 

039 

0 

470 

0.101 

0.107 

0.104 

1 254 

620 

0 

064 

0.068 

0 066 

0 796 

0 032 

0 037 

0 

035 

0 

422 





621 

0 

068 

0.073 

0 071 

0 856 

• 

0 029 

0.036 

0 

033 

0 

398 






Series of 80 per cent of water holding capacity 


800 

0.010 

0 008 

0 009 

0.119 

0 

009 

0.009 

0 009 

0.109 







801 

0.028 

0.029 

0 029 

0 350 

0 

017 

0 0171 

0.017 

0 205 

0 

052 

0 

052 

0.052 

0.62i 

802 

0 028 

0 023 

0.026 

0 313 

0 

015 

0.017 

0.016 

0.193 







803 

0 023 

0 028 

0.026 

0.313 

0 

018 

0.017 

0 018 

0 217 







807 

0.034 

0.037 

0.036 

0.434 

0 

031 

0.034 

0 033 

0 398 

0 

056 

0 

.056 

0 056 

0 67‘ 

808 

0 040 

0 042 

0 041 

0 494 

0 

032 

0 035 

0.034 

0 410 







809 

0 037 

0 037 

0 037 

0.446 

0 

035 

0 037 

0.036 

0 434 







813 

0 045 

0 045 

0.045 

0.542 

0 

044 

0 047 

0 046 

0 554 

0 

059 

0 

059 

0 059 

0.712 

814 

0.040 

0.043 

0.042 

0 506 












815 

0 045 

0.046 

0 046 

0.554 

0 

.045 

0.044 

0 045 

0.542 







819 

0.052 

0 052 

0 052 

0 627 

0 

.042 

0.046 

0.044 

0.530 

0 

,075 

0 

079 

0.077 

0 92^ 

.820 

0.057 

0.058 

0.058 

0 700 

.0 

.042 

0 042 

0.042 

0.506 







821 

0.062 

0,064 

0.063 

0.760 

0 

045 

0 043 

0.044 

0 530 

1 





j 



the freezing point was determined. In this test the salt combinations used 
were with only one amount of monopotassium phosphate, corresponding to 
0.4 gm. of the salt per pot. The results are summarized in tables 6 and 7. 


Results and discussion 

The results of table 6 present several interesting features. Taking the 
values for the osmotic concentration of the sand treated with a nutrient 
solution and comparing them with those for the osmotic concentration of the 
nutrient solution itself, one notices that in most cases the concentration of the 
nutrient solution increases on its addition to the sea sand. The increase, 
however, is not the same in all series. Indeed, this value in the 20 per cent 
series is many times as great as in the 60 or 80 per cent series of the same 
number of cultures. 

Xhe dififerences in the total osmotic concentrations of these sand cultures 
Witl^ different moisture contents are, of course, even more pronounced. 

The corresponding values in table 7, which represent the osmotic concen- 
trations of the solutions in the Sassafras light sandy loam, differ somewhat 
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from those of the sea sand. The chief differences consist (a) in the fact that, 
although the osmotic concentration of the nutrient solution in the soil, after 
adding to it the nutrient solution, increases in the 20 and 40 per cent series, 
the increase is always less than the osmotic concentration of the original soil 
when the moisture is brought up to the required content with distilled water. 
In the 60 and 80 per cent series even the total osmotic concentration becomes 
less than that of the original nutrient solution, when this nutrient solution is 
introduced into the soil, (b) The total osmotic concentration of the solution 
in the soil of the 20 per cent series is considerably higher than in the corre- 
sponding series of the sea sand cultures. And, for this reason, th^ difference 
between the total osmotic concentration of the soil solution and the original 
solution is much greater than the corresponding difference in the sea sand. 

TABLE 8 

Comparison between the osmotic concentration of the nutrient solution and that of the soil solution 
after adding the nutrient solution to the soil or sattd. The values are 
given in atmospheres 


I 

CULTURE 

NO. 

SERIES OF 80 PER CENT 

SERIES OF 60 PER CENT 

SERHES OF 40 PER CENT 

SERIES OF 20 PER CENT 

Original 

nutrient 

solution 

Soil 

solution 

Original 

nutrient 

solution 

Soil 

solution 

Original 

nutrient 

solution 

Soil 

solution 

Original 

nutrient 

solution 

Soil 

solutbn 


Sassafras light sandy loam 



aim. 

atm. 

atm. 

atm. 

aim. 

atm. 

aPm. 

aim. 

7-3 

0 627 

0 325 

0.748 

0 502 

1.085 

1.896 

1 869 

8.179 

7-9 - 

• 0 675 

0.460 

0 832 

0.566 

1.145 

1.857 

1.990 

8.079 

13-15 

0 712 

0 534 


0 574 

1 315 

1.962 

2 267 

8.672 

19-21 

0 929 

0 696 

1.254 

0 796 

1 688 

1.970 

3 002 

9 346 


Sea sand 


1-3 

0.518 

0 675 

0.603 

0 868 

1 242 

1.230 

2 014 

3 929 

7-9 

0.627 

0.840 

0 784 

0.989 

1.411 

1 688 

2 267 

4 062 

13-15 

0 784 

0.904 

0.965 

1 507 

1.495 

1.966 

2.688 

5 664 

19-21 

0 965 

1 194 

1.206 

1.494 

1.797 

2.604 j 

3.401 

6 049 


To facilitate the study of these variations table 8 is presented in which are 
given the average values of osmotic concentrations of three cultures that vary 
only in the amount of application of calcium carbonate. Table 8 enables 
one to compare these values in the different series. Figure 3 may facilitate 
the examination and interpretation of the results. 

The values in table 8 and figure 3 are expressed in atmospheres of osmotic 
concentration. Studying this table and diagram one finds that the difference 
between the nutrient solution and the sand with this solution is very small in 
the 80 and the 60 per cent series. It increases somewhat in the 40 per cent 
series, and becomes greatest in the 20 per cent series. The difference is always 
in favor of the sand. In the soil, on the other hand, m the 80 and 60 per cent 
series the difference is in favor of the solution, while in the 40 and 20 per cent 
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series it is ag£lin in favor of the soil. The concentration is greatest in the 20 
per cent series with the largest application of the ammonium sulfate. Indeed, 
the osmotic concentration of both the sand and the soil is consistently increased 
in each of the series with the increase in application of the salt ingredients. 

The results discussed in the foregoing paragraphs are due, it seems, to the 
phenomenon of absorption. The solid particles in the soil or sand have the 
property of adsorbing both the water and the ions of different salts. The 
degree of adsorption of the different ions of the various salts fluctuates con- 
siderably with the nature of the salt and also of the soil. The water is ad- 
sorbed perhaps in direct proportion to the relative internal surface. In the 



Fig. 3. Comparison Between the Total Osmotic Concentration of the Nutrient 
Solution and that of the Soil or the Sand Solution after adding the 
Nutrient Solution to Soil or Sand 


The values represent the averages for 3 duplicate cultures of the same manurial treatment 
(with exception of calcium carbonate); 1~3, 7-9, etc. are the culture numbers; figures 80, 
60, 40, and 20 represent the series of cultures kept at these percentages of the water-holding 
capacity 


more inert solid oiedium, such as sand, the adsorption of salts also takes 
place perhaps in the proportion to the internal surface of the medium, and in 
proportion to the substance present in available form for reaction. In the Soil, 
herwever, this relation is not so simple. There may come into play the ab- 
ioiptive property of the soil, which may influence the reaction very consid- 
erably* The chemical reaction, of course, is the final possibility and, undoubt- 
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cdly, accompanies every application of the fertilizer to the soils. ^ In the soil, 
besides, there may occur what is often called selective adsorption, or selective 
absorption, depending on the degree of reaction between the two phases. 
The term selective adsorption can also be applied to sand, if, on the intro- 
duction of a salt solution, one of the ions is adsorbed to a greater extent than 
the other, or if the amount of water adsorbed is greater than that of any of the 
salt ions. 

Examining the values of osmotic concentration in table 8 and studying 
figure 3, one will notice that th6 phenomenon of adsorption in the ^nd and 
soil will perhaps explain the attitude of the values in different series. In the 
sand, on the introduction of the nutrient solution to the solid phase, some of 
the cations of«the component salts were adsorbed to a greater extent than the 
anions, which resulted in the formation of acid or acids. Thus formed, the 
acid or acids caused an increase in the total osmotic concentration. Such a 
possibility was discussed in connection with some previous work (266, 267), 
There was, undoubtedly, some selective adsorption of water, which helped still 
more to increase the concentration of the resultant solution. In the 80 and 
60 per cent series the influence of the adsorbed water was not sufficient to be 
noticeable with the method here used, because the relative amoimt of adsorbed 
water to the total water present was very small. In the 40 and 20 per cent 
series, however, this influence was very considerable. On reduction of the 
absolute voluifle of water, while the power of adsorption remained practically 
the same, the adsorbed water was, it seems, the dominant factor in modifying 
the osmotic concentration of the resultant solution. 

The considerations presented above explain why the difference between the 
total osmotic concentration of the solution in the sand and the original solution 
is so great in every combination of the 20 per cent series. 

In the soil the same agencies were at work, only differing in the degree of 
their action. Although the formation of an acid or acids had taken place, the 
total adsorption of the salts and of the acids formed in the soil was greater than 
the increase in concentration caused by enhanced dissociation due to acid 
formation. This accounts for the decrease of the concentration of the nutrient 
solution after adding it to the soil in the 80 and 60 per cent series. The relative 
adsorption of water was not great enough to modify the results considerably. 
On passing to the soil of the 40 per cent series, one notices that the adsorption 
of water begins to play a relatively important r61e. The total concentration 
increases rapidly. In the 20 per cent series the same phenomenon is noticed, 
only to a much greater degree. The salts present in the original soil, of course, 
add to the total osmotic concentration of the solution. The main reason for 
the changing osmotic concentration lies, however, in the fact that some of the 
water ceases to exist in the free state and the solution becomes much more 
concentrated. This hypothesis finds ample support in the results of recent 
investigations of Bouyoucos (27), who reports that some of the water, on being 
added to air-dry soil, becomes fixed in the latter to such an extent as to fail 
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to freeze, when it is brought to a temperature considerably lower than the 
freezing point of water. The adsorption of water is greater in heavier than in 
lighter soils. For this reason, in the heavier types of soil one should expect 
a still greater osmotic concentration of the resultant solution under the same 
conditions, as in the 20 per cent series in the present work. In the presence 
of suitable substances in the soil there may take place an adsorption and also a 
chemical reaction that would modify the character of the resultant solution, 
as well as its total osmotic concentration. McCool and Wheeting (149) have 
found that the latter had taken place to a considerable extent, when certain 
single salts were introduced into the soil. 

The results given in tables 6, 7, and 8 and illustrated in figure 3 throw some 
light on the data obtained for the growth of plants. Indeed, the^ values for the 
osmotic concentration of the series with the different moisture contents are ver}' 
significant. In the 80 and 60 per cent series the absolute osmotic concentra- 
tions are quite low, and the variations are very small. These values range 
oinly between 0.7 and 1.5 atmospheres in the sea sand of both series. In the 
soil the variations were even smaller, the osmotic concentration values being 
here between 0.31 and 0.85 atmospheres. Within^thesc limits the differences 
in plant production in cultures under different fertilizer treatments could not 
be attributed to the change in the osmotic, concentration of the nutrient soil 
solution. On the application of fertilizer in field practice the modification in 
osmotic concentration will npt be very considerable, if the moisture content 
remains around 60 or 80 per cent of the saturation. If one compares, for 
instance, the values for the osmotic concentration of cultures 1-3, 7-9, 13-15, 
and 19-21 of the 80 per cent series for the Sassafras light sandy loam, one will 
find that on the increase in the application of ammonium sulfate from 0.05 
gm. per pot to 0.4 gm, per pot the osmotic concentration increases from 0.325 
atmospheres to 0.696 atmospheres, an absolute increase of only 0.371 atmos- 
pheres. Assuming a weight of 2,000,000 pounds, 0.4 gm. of ammonium sulfate 
corresponds to 400 pounds of the salt per acre. By doubling the amount of 
salt applied one would expect that the increment in the osmotic concentration 
of the’resulting soil solution would not exceed that obtained from the first 0.4 
gm. In all probability the increment would be considerably smaller, because 
of the increased adsorption, and also on account of the decrease in the ionic 
dissociation. At its maximum the osmotic concentration of a solution in the 
ordinary agricultural soil would not exceed perhaps 1.0-1. 2 atmospheres. 
This osmotic concentration, it must be admitted, is not very high for the growth 
of plants. A higher osmotic concentration is often employed by plant phys- 
iologists (206, 226) for the best development of plants. In varying the osmotic 
concentration of the nutrient solution between 0.5 and 3.5 atmospheres 
MpCall (147) finds that 2.0 atmospheres of the osmotic concentration of Shivers 
(20Cf) nutrient solution, when added to the sand cultures, produces the greatest 
amount of dry matter of wheat. Since the results of the present work, and 
also of one published recently (267), show that there is, comparatively speaking, 
very little change taking place in the osmotic concentration of the nutrient 
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solution, when it is introduced into the sand at the optimum moisture content, 
we may ignore the diiBFerence for the present. In order to bring the osmotic 
concentration of our soil solution to, let us say, 2.0 atmospheres we should 
have to add a considerable amount of Ihb fertilizing material. Yet, the 
additional amount of 0.4 gm. of ammonium sulfate per pot would bring the 
total amount of ammonium sulfate in the pot to 0.8 gm., which would corre- 
spond to 800 pounds of this salt per acre, an amount hardly ever used in ordi- 
nary field practice. Taking the values for the 60 per cent series the results 
would be somewhat higher; the difference, however, should not be very great. 

From the foregoing considerations it would follow, therefore, that under 
field conditions, if the moisture content remains somewhere around the opti- 
mum, the ordinary application of fertilizer would not in any case modify the 
osmotic concentration of the soil solution to an extent sufficient markedly 
to affect plant growth. Increased plant production in the present experiment 
was evidently due to other causes. The more important among them may be 
(a) the increase in the total amount of plant-food, and (b) the modification in 
the balance of salts in the soil solution. 

The osmotic concentration of the soil solution begins to play a dominant r61e 
when the water content becomes low. This begins to be noticeable in the 40 
per cent series, in which case the osmotic concentration varies between 1.2 
and 2.6 atmospheres in sea sand, and between 1.7 and 2.0 atmospheres in the 
Sassafras light sandy loam. 

In the 20 per cent series the effects become very pronounced. The concen- 
tration in the sand varied from 3.6 to 6.2 atmospheres, and in the soil, from 7.5 
to 9.4 atmospheres. At this moisture content it is a real factor, and, perhaps, 
is the chief reason why the yield curve of the 20 per cent series is so far below 
the others in the soil experiment (fig. 2). The values for the osmotic concen- 
tration of the cultures in the 40 and 20 per cent series show the importance of 
maintaining the proper supply of water in the soil, and seem to explain the 
low efficiency of some fertilizer materials in seasons of low precipitation. 

The relation between the total osmotic concentration of the soil solution 
and plant yield can best be studied from figure 4 in which are plotted the values 
for the average yield of cultures 19-21, inclusive, of the Sassafras light sandy 
loam of the different series and also of the average osmotic concentrations for 
the same cultures. The treatments of cultures 19-21, as shown in table 2, 
differ only in the amount of calcium carbonate added. An examination of 
figure 4 shows in a very striking manner the dependence of plant growth on the 
osmotic concentration of the soil solution as brought about by the difference in 
the moisture content of the soil. Somewhat similar relations will be observed 
if parallel studies are made with the other cultures of either the Sassafras soil 
or the sea sand. 

Refering once more to tables 6 and 7, one will notice that the osmotic con- 
centration of t^e soil solution in the sand and soil was considerably reduced 
during the 30-day growth of barley. A greater absolute reduction in osmotic 
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concentration occurred in the series with the smaller moisture content. That 
is to say the 20 per cent series has lost most heavily, and was followed by the 
40, 60, and 80 per cent series, in the order named. Comparing the same 
series of the two experiments, ohe finds that the series in the sea sand have 
lost more heavily, both relatively and absolutely. 

EFFECT OF VARIOUS AMOUNTS OF CERTAIN NUTRIENT AND NON-NUTRIENT SALTS 
ON THE EFFICIENCY OF AMMONIUM SULFATE FOR tAe GROWTH OF 
BARLEY IN SAND CULTURES 

As was noticed previously in the vegetation experiments, in both the sea 
sand and the Sassafras light sandy loam the plants lodged in all cultures, when 
0.4 gm. of ammonium sulfate was applied per pot. These cultures corre- 
sponded to culture numbers 19 to 24, inclusive. The lodging occurred in every 
series and, therefore, could not be attributed in every case to the heavy yield. 
Consulting tables 3 and 5 and figures 1 and 2, one will notice that the yield 
of the best pots of the 20 per cent series was not nearly as good as in the 40, 60, 
or 80 per cent series in cultures 13 to 18, inclusive, in which case the plants 
did not show any tendency to lodge. It is commonly observed in field practice 
that the plants usually have a tendency to lodge on land rich in available 
nitrogen. Although the correlation between the excessive supply of available 
nitrogen and the lodging of plants is very frequently noticed, yet there are 
times when, in the presence of an apparently excessive content of nitrogenous 
materials, rigid straw is produced. 

Evidently, there are other factors which influence the rigidity of plant tis- 
sues. The profound influence of salt proportions on the growth of plants 
(226, 206, 147, 267) can not be, in seems, without some influence on the quality 
of their tissues. In view of this deduction it was decided to test different salts 
in combination with the nutrient solution, which, when present alone in the 
sea sand or the Sassafras light sandy loam cultures, caused the young plants to 
lodge. 

There was another justification for performing this experiment. Although 
in the nutrient Solution used in the present vegetative experiments there was 
prepnt every element which is necessary for plant growth (according to the 
c< 3 ^mon conception of the subject), yet there is a possibility of increasing 
plant growth by some other elements or ions or salts, which may in some com- 
binations enhance the growth of plants. 

’ Review of literature 

Comlnon salt, sodium chloride, is usually recognized as a good amendment 
in soil management. Hellriegel (96) found that sodium chloride increased 
the yield even in the presence of an abundance of potassium. Similar results 
are reported by Schulze (200). Indeed, in another article (fee same author 
(lp9) recommends the addition of some sodium chloride with each application 
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of ammonium sulfate, because sodium chloride acts especially favorably with 
this fertilizer. 

In former times calcium sulfate was often used as an amendment with some 
beneficial results. Yet, its value for this purpose is strongly disputed by 
Stebutt (213) and also by Soave (208). The latter author, however, finds 
that calcium sulfate produces a beneficial effect, if it is combined with soluble 
potash. Takeuchi (223) observed that calcium sulfate produces no beneficial 
effect with the acidic fertili^rs and causes an increase in yield, if used with 
alkalinic fertilizers. He finds it to be injurious with superphosphate and 
ammonium sulfate, and beneficial with sodium nitrate. 

Sodium silicate is found (236) to be of some benefit to crops when used in 
connection with green manuring. 



Fig. 4. The Relation Between the Total Osmotic Concentration of the Soil Solu- 
tion AND THE Plant Yield in the Sassafras Light Sandy Loam 

The figures 80, 60, 40, and 20 are ihe percentages of the water-holding capacity of the soil 


In view of the results of the investigations mentioned above and elsewhere 
it seemed possible that some of the substances may favorably influence the 
nutrient solution of the formula adopted in the present work. 

Procedure * 

Of the two media used in previous experiments the sea sand contained the 
less plant-food, which was evident from the growth of barley in the untreated 
pots. In order better to interpret the results of the experiment, as to the in- 
fluence of diffqfent salts upon the growth and development of plants, sea sand 
was used as the medium in this experiment. The same pots, holding 2 kgm. 
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of sand, were again employed. The following salts were used in addition to 
the formula of cultbre 24 (see table 2), which culture consisted of 0.4 gm. 
ammonium sulfate, 0.8 gm. monopotassium phosphate, 0.2 gm. magnesium 
sulfate, 0.05 gm. ferrous sulfate, and 2.0 gm. calcium carbonate per pot: in- 
creasing amounts of magnesium sulfate, monopotassium phosphate, and 
ferrous sulfate, and also different amounts of potassium chloride, sodium 
chloride, sodium nitrate, calcium sulfate, aluminum sulfate and sodium silicate, 
increasing at a uniform rate. For comparison, a Qulture witB sodium nitrate as 
the source of nitrogen was employed. The ingredients used in each pot were 
as follows: 0.5 gm. sodium nitrate, 0.8 gm. monopotassium phosphate, 0.2 
gm. magnesium sulfate, 0.05 gm. ferrous sulfate, and 2.0 gm. calcium carbonate. 
Table 9 gives the formula for each culture in actual application per pot, and 
also the calculated values for an acre 6 inches of soil (2,000,000 pounds wa^ used 
for calculation). 

The moisture content was kept at about 60 per cent of the water-holding 
capacity of the sand. The water was added daily, the pots being weighed every 
other day. The seeds were planted in the pots; when germinated, the seed- 
lings were thinned to 8 for each pot. The surface of the sand was left uncov- 
ered. Thus, the evaporation of the water from the surface of the sand and 
the transpiration of water by the plants was taken as the total loss of water. 
After a 30-day growth from the time of thinning, the plants were harvested, 
dried and weighed. The* dry weight, together with the water requirement 
of the plants grown in different nutrient solutions in the sand medium, are 
given in table 10. The same table also gives the values for the degree of stiff- 
ness of the straw. The observations to this effect w^ere made on the day of 
harvesting. To represent the rigidity of the straw an arbitrary sign of small 
crosses was adopted. One cross (+) was taken to represent that the plants 
were lodged badly. Three crosses (+ ++) were taken to indicate that the 
plants stood erect, while two (++) crosses indicate medium stiffness of the 
straw. 

In order to facilitate the examination of table 10, figure 5 is given in w^hich 
the cultures with the same salts are grouped together and the results are con- 
trasted with culture 4, or the one which received no additional salts outside 
of those which contained only the necessary elements. The curve for the water 
requirement of the plants is given in the upper portion of the diagram. 

Results and Discussion 

A careful examination of table 10 and figure 5 reveals the striking influence 
of sdme of the salts on the fertilizing value of the nutrient solution composed 
of ammonium sulfate, monopotassium sulfate, magnesium sulfate^ ferrous 
sulfate and calcium carbonate. On addition of some of the salts to the sand 
cultures there was a remarkably large increase in total yield of dry matter, 
i^en this addition was made in moderate quantities. In most cases, however, 
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TABLE 9 

Application of salts per pot containing Z kgm. of sea sand^ and the calculated values in pounds 

per acre 



the yield reached a maximum with the quantities applied and then began to 
decline. 

On account of differences in the influence of the different salts, it is well to 
consider them separately in the brief discussion of the results. 

With the increase in the quantities of monopotassium phosphate (cultures 
3, 4, 5 and 6) there was a slight increase in dry weight up to 0.8 gm. of the salt 
applied.. Then some decrease resulted. With the largest application (1.6 gm. 
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of the salt per pot) of the phosphate the yield was even lower than with the 
smallest application. The results obtained with this salt could not be corn- 
par^ with those from other salts on an equal basis because the quantities of 
salts applied were different. Yet, there were evidently similar effects from 
monopotassium phosphate and some of the other salts. 

Certain quantities of magnesium sulfate had a greater influence on the in* 
crease in plant growth than the salt discussed above. 

The same thing can be said of potassium chloride, although the maximum 
beneficial effect in this case was passed, and was somewhere between 0.2 and 
0.4 gm. of the salt per pot. ^ 

The results with sodium choride were quite in accord with those of potassium 
chloride, although the yield of the culture with 0.2 gm. of sodium chloride 
(no. 13) was the greatest in the whole series. 



Fig. 5. The Epeect op Different Amounts op Various Salts on the Manuhial Value 

OF Ammonium Sulfate in Sea Sand Cultures, and the Relation of Plant Yield 
TO the Water Requirement of Plants 

It is intersting to note that potassium in monopotassium phosphate is present 
in abundance to satisfy the plant needs, yet the addition of more potassium in 
the form of chloride caused a considerable increase in the dry matter produced. 

In the sodium chloride group there was no addition of any element that 
is considered essential for plant growth; nevertheless, the stimulus due to 
sodium chloride, in a certain combination, led to the most luxuriant growth. 
This could be ascribed either to the influence of sodium, of chlorine or of the 
combination of the two in the proper balance with other salts in the nutrient 
solution in the sand cultures. 

The use of nitrogen in sodium nitrate, was accompanied by an increase in 
plant growth (NaNOa) group. Either ammonium sulfate or sodium nitrate 
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alone gave a lower )aeld than the mixture of these two salts. It may be noted 
that 0.4 gm. of ammonium sulfate was more efl5cient than 0.5 gm. of sodium 

TABLE 10 

The dry weight of barley , the water requirement of plants ^ and the rigidity of the straw, as in- 
fluenced by different salts in the nutrient solution in sea sand cultures; the 
growing period is 30 days 


CULTURE 

WO. 

YIBIO OF DRY MATTER 

TOTAL WATER LOSS 

WATER RE> 
QUIREMEWTS 

RXOXDITY OF 
STRAW 

t 

2 

Average 

1 

2 

Average 

Average 

Average 


gm. 

gm. ^ 

gm. 

gm. 

gm. 

gm. 

gm. 


1 

0.1290 

0 1190 

0.1240 

1,086 

1,081 


8,742 


2 

1.3515 

1.3980 

1 3748 

1,974 

1,958 

1,966 


-I-* 

3 

1 6955 

1.3685 

1 5320 

2,160 

2,206 

2,183 

1,425 

+ 

4 

1.5985 

1.7410 

1.6698 

2,194 

2,051 

2,123 

1,271 

+ 

5 

1 5630 

1.6605 

1.6118 

2,044 

2,182 

2,113 

1,311 

-t-i- 

? 

1 1140 

1 1400 

1.1270 

1,836 

1,804 

1,820 

1,615 

+ 

7 

2 6650 

1.8365 

2 2508 

2,255 


2,138 

950 

-t-t- 

8 

2 5185 

2 8065 

2.6625 

2,158 

2,253 

2,206 

903 

+++ 

9 

2.8600 

1.9605 

2 4103 

2,175 

2,154 

2,165 

899 

4-1-1- 

10 

2 7425 

2.1955 

2 4690 

2,380 

2,147 

2,264 

916 

H — 

11 

1.6155 

2 1865 

1.9010 

2,046 

2,121 

2,034 

1,071 

4-1- 

12 

2.0705 

2 3755 

2.2230 

2,291 

2,183 

2,237 

1,007 

-1-4- 

13 

2.9225 

3.3825 

3.1525 

2,332 

2,288 

2,310 

732 

4-4-4- 

14 

1.9885 

2 2935 

2 1410 

2,149 

2,161 

. 2,155 

1,007 

4-4- 

IS 

2,2865 

1 9615 

2.1240 

2,495 

2,238 

2,367 

1,115 

4- 

16 

1.8295 

2.3175 

2.0735 

2,347 

2,489 

2,418 

1,166 

4- 

17 

2 2735 

2 3795 

2.3265 

2,549 

2,436 

2,493 

1,072 

4- 

18 

1.8525 

2 0235 

1.9380 

2,090 

1,858 

1,974 

1,019 

4-4- 

19 

2 2885 

2 0595 

2.1740 

2,236 


2,186 

1,006- 

4-4- 

20 

1.8905 

1.9705 

1 9305 

2,214 

2,254 

2,234 

1,159 

4-4- 

21 

1.6695 

1,4220 

1.5458 

2,110 

1,992 

2,051 

1,324 

4- 

22 

1.7985 

1.4155 

1.6070 

2,100 


2,056 

1,280 

-4 

23 

1.7980 

1 6385 

1.7183 

1,963 


1,931 

1,124 

4- 

24 

1.8955 

2.4255 

2.1655 

1,957 

2,086 

2,022 

936 

4-4- 

25 

2.1595 

2 3910 

2.2753 

2,087 

2,164 

2,126 

935 

4-4- 

26 

2.9815 

2.5125 

2.7470 

2,253 


2,325 

846 

4-4-4- 

27 

1.6115 

2 2385 

1 9250 

2,119 


2,170 

1,127 

4-4- 

28 

2 2585 

1 9095 

2.0840 

2,174 


2,118 

1,016 

4-4- 

29 

1 .4665 

1 5475 

1.5070 

1,935 

1,920 

1,928 

1,279 

4- 

30 

1.7970 

2 5740 

2 1855 

2,142 

2,285 

2,214 

1,013 

4-4- 

31 

1.3255‘ 

1 4485 

1 3870 

2,147 

2,352 

2,250 

1,622 

4- 


* The sign of one cross (-f) indicates that the plants were badly lodged; the sign of three 
crosses that the plants were standing erect; and the sign of two crosses (++) that 

the plants had straw of medium rigidity. 


nitrate (see no. 4 and 31 in the sodium nitrate group, figure 5) and, therefore, 
nitrate of soda under these conditions was apparently benefited by the addi- 
tion of ammonium sulfate more than ammonium sulfate was benefited by the 
addition of sodium nitrate. 
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The calcium sulfate group shows itself to be very similar to the potassium 
chloride group. Calciiun in one case and potassium in another were intro- 
duced in addition to the plentiful supply of these elements in their respective 
cultures. The difference between these two groups consists in the fact that 
in the potassium chloride group there was a new ion and even element, namely, 
chlorine, while in the calcium sulfate group this was not the case. Both the 
calcium and the sulfate ions were present in some of the salts. Yet, the addi- 
tion of these ions in different combination and their influence on the modifica- 
tion of the resultant nutrient solution was accompanied by some increase in 
plant growth. 

An increased application of ferrous sulfate caused an increase in the produc- 
tion of dry matter, the largest growth having occurred with the largest appli- 
cation (0.4 gm). 

Sodium silicate also caused an increase, when added in small amounts. 
There was some decrease noticed, when the application was at the rate of 0.4 
gm. per pot. 

Aluminum sulfate was singular in its behavior. Its effect, if there was any, 
was rather negative in character. There was a depressive effect with the 
smallest application. 

Finally, with the increase in ammonium sulfate from 0.4 to 0.6 gm. per pot 
containing 0.8 gm. of monopotassium phosphate (pots 4 and 30) the increase 
in yield was greater than that from an ammonium sulfate increment ranging 
from 0.2 to 0.4 gm. per pot containing 0.4 gm. of monopotassium phosphate. 

The nature of thq results presented in table 10 and figure 5, it seems, would 
warrant the following general deduction. The formation of small amounts 
of sulfates of magnesium, calcium or iron would benefit the growth of plants 
like barley, if it is accompanied by the application of fertilizer represented by 
ammonium sulfate, superphosphate and a liberal amount of lime. The 
formation of these salts is possible out of the previously applied ammonium 
sulfate, due to the intake of the ammonium ion by plants and the leaving of 
some of the sulfate ion behind. The latter ion, not being able to exist as such, 
forms sulfuric acid, which combines with the most available bases forming 
sulfates. Thus, calcium, magnesium, iron and aluminum sulfates may be 
formed, perhaps in the order named. That is to say, if the soil contains an 
abundant supply of lime, some calcium sulfate will be formed, thus slightly 
benefiting the plant growth. In the absence of calcium carbonate some other 
carbonates would be used. If aluminum compounds are the most available 
of the bases present, the results may be entirely different. An injurious 
instead of a beneficial effect may be observed in that case. 

On the whole, a moderate increase in the sulfate formation of certain bases in 
some soils, would, therefore be of considerable benefit to the crops. The in- 
crease in the growth of barley as noticed in the cultures under different salt 
.treatmen^ts may be attributed to the modification in the balance of the com- 
ponent salts that go to make the soil solution. It would hardly be possible 
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tkat such an increase was caused by the increase in the osmotic concentration 
of the soil solution. This fact, it seems, was disclosed by the vegetation experi- 
ments described in the first part of this paper. The osmotic concentration, 
per se, could hardly be expected to play a very important role with these 
applications of the salts, unless the moisture content of thfe medium (sand in 
this case) is reduced to, or below, 40 per cent of the water-holdmg capacity of 
the medium. 

The rigidity of the straw, or the ability of the plants to stand more or less 
erect during the first stage of growth, is another feature which was observed 
in connection with this experiment. An examination of the values for the 
stiffness of straw in table 10 shows that there is a considerable variation in 
the ability of plants of different cultures to stand erect. The lodging effect 
of the nutrient solution of culture 4 (table 10) was completely overcome by 
the addition of certain amounts of magnesium sulfate (no. 8), small quantities 
of potassium chloride (no. 9 and 10), sodium chloride (no. 13), or iron (no. 26). 
A considerable improvement in this direction was noticed in other cultures 
on the addition of small amounts of other salts. 

The plants that lodged badly did not correspond with those of the heaviest 
yield. Indeed, the reverse tendency is noticed in the values obtained in this 
experiment. 

Considering this feature from another point of view, the improvement of the 
nutrient solution of culture 4 (table 10) on the addition of some salts, such as 
chlorides of potassium and sodium, and sulfates of magnesium and iron, was 
accompanied by an increase in both plant growth and rigidity of straw. It is 
justifiable, therefore, to conclude that the stiffness of the straw is modified not 
by the presence of a definite quantity of some one element in the soil solution, 
but by the combination of different ingredients which constitute the soil solu- 
tion. A proper balance of the salts in the nutrient solution is just as necessary 
for the rigidity of the straw as for the plant yield. 

There is another feature which may be mentioned in connection with this 
experiment. A glance at the curves of figure 5 will reveal a pronounced recip- 
rocal relation between the total yield of tops and the water requirement of 
plants (or the grams of water used for the growth of one gram of dry matter). 
In nearly every case the increase in yield was followed by a decrease in the 
water requirement, and vice versa. The values, on the whole, agree with those 
obtained in the previous experiment with sea sand kept at the same moisture 
content. 

EFFECT OF MOISTURE CONTENT ON THE GERMINATION OF BARLEY SEEDS IN 
SAND AND DIFFERENT SOILS 

Introduction 

In the experiments on growing plants of barley in sand and soil with different 
moisture contents and different fertilizer treatments, the germination of seeds 
was allowed to take place either under very uniform conditions (sea sand ex- 
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periment), or under the influence of different fertilizer treatments, while the 
moisture content of the soil remained the same (Sassafras light sandy soil 
experiment). In both cases the influence of different moisture contents was 
el^inated as much as possible. However, since the moisture content is a 
very important factor in modifying the growth and development of plants, it 
seemed advisable to test the germination under the same conditions of moisture, 
under which the growth of plants had occurred. 

Review of Literature 

The influence of moisture content upon the germinating power of seeds has 
been the subject of much study. Goff (74) has observed that an excess of 
water, excluding the soil air, is detrimental to the germination of beet seeds. 
Coulter (48) made an extended study of the effect of temperature and moisture 
changes on the germination of seeds of different plants. As a result of his study 
of temperature and humidity in their relation to the germination of seeds of 
different grasses, Deneumostier (54) finds that different grasses require differ- 
ent moisture contents for optimum germination. Rye grasses, meadow 
fescue and tall oat grass did best when the germinating bed was kept at not 
less than 60 per cent of saturation, while timothy, crested dog’s tail and velvet 
grass were injured by such moisture content. For the best germination of 
these the moisture content should in no case exceed 60 per cent of saturation. 
Livingston (139) obtained similar results. Studying Fouquieria splendeus^ 
giant cactus, Mexican bean, wheat, balsam, radishes and red clover, he found 
that these seeds had different minimum water requirements for their germina- 
tion, the variations being from 15 to 25 per cent of water of the soil studied. 
As a rule a somewhat better germination took place at a somewhat higher 
moisture content than at a minimum content. 

The effect of different fertilizers and salts was also studied by a number of 
investigators, 

De Mamefffe (142) observed some differences in seed germination due .to the 
application of fertilizers. In 1 per cent concentration, potassium sulfate and 
nitrate of soda were found by Hicks (99) to be detrimental to wheat, lettuce, 
radish and crimson clover. Phosphoric acid and lime were much less injurious 
in such concentrations. In an extensive study, Rusche (185) reports that when 
he kept his soil at 70 per cent of saturation, the application of small amounts 
of chlorides, nitrates, sulfates, carbonates and phosphates acted differently on 
the germination of seeds of the same plant. Some of the salts were injurious, 
others were beneficial, while the rest of them did not influence the germination 
to any great extent. He studied seeds of many agricultural plants and found 
that different crops responded differently to the fertilizer treatment. 

Chtudel and Crochetell (43) have found that at lower concentrations, am- 
mbniito sulfate, sodium nitrate, lime, etc, did not cause any injury in germina- 
tion^ but above 0.2 per cent both ammonium sulfate and sodium nitrate 
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resulted in injury to the seedlings. Nitrate of soda at the rate of 26S pounds 
per acre retarded but did not prevent germination, according to von Feilitzen 
(59), De Chalmont (40) also reports that a high concentration of nitrates 
retards the germination of seeds in water cultures or in powdered pumice stone, 
while in dilute solutions they favor germination. Common salt, if present in 
high concentrations, is injurious to the germination of seeds, as reported by 
Ewart (58) and HaselhofiF (92). Lime was found to increase the germinating 
power of a number of flower plants (31), 

The reports on the effect of acids upon the germination of seeds are rather 
conflicting. Thus, Claudel and Crochetell (43) and Tolf (225) find that acids 
are injurious to germination, while Promsy (176a, 176b) reports that both 
organic and inorganic acids in dilute solutions favor germination. 

Green manuring also may be injurious to the germination of seeds under 
certain conditions (62, 63, 102). 

I. Germination study in sand cultures under different fertilizer treatments 

Procedure 

The first part of the germination tests of thtf present work was carried out in 
sea sand. For this purpose 300 gm. of sea sand was weighed out and placed in 
tumblers. The sand was supplied with exactly the same prop)ortions of ferti- 
lizing materials and moisture as in the corresponding vegetation experiments 
with the same material. Ten selected barley seeds were placed about half an 
inch deep in the moist and compacted sand of each tumbler, the surface of the 
sand was again slightly compacted, and the tumblers were covered with squares 
of glass. This was done to prevent evaporation of water from the surface. 
On the seventh day from seeding the germinated seedlings were counted in 
each tumbler. The results are given in table 11, which show the number of 
seeds germinated in the cultures of each of the four series. The 20, 40, 60 and 
80 per cent series contained 4.86, 9.72, 14.58, and 19.44 per cent of water, 
respectively, as based on the air-dry sand, whose water-holding capacity was 
equal to 24.3 per cent. Each series consisted of 54 tumblers. 

Results and discussion 

Table 11 reveals a remarkable fact. It not merely shows that the moisture 
content equivalent to 40 per cent of the water-holding capacity did not retard 
the germination, but that the moisture content equivalent to 20 per cent of the 
saturation was sufficient for nearly a perfect stand. The germination was 
strikingly uniform in all the series, the seeds of the 20 per cent series came 
through about 24 hours later than those in the remaining series. Only in a 
few tumblers, namely, in numbers 19 to 23, inclusive, of the 20 per cent series, 
were the seedlings more or less retarded. There were also two sets in the 40 
per cent series that were somewhat behind in their coming through the sand. 
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Shive’s (206) nutrient solution in both the 20 and 40 per cent series showed 
some retardation, this being more pronounced in the 20 than in the 40 per cent 
series. With these few exceptions there was apparently no injurious effect of 
the fertilizing salts applied in any combination. 

TABLE 11 


Numhef of barley seeds germinated in sea sand cultures under different fertilizer treatments in 
four different moisture contents^ 10 seeds being planted 
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60 

80 
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! 10 

10 

9 

10 

10 

10 

19 

10* 

10* 

10 

10 

9 

10 

10 

10 

20 

9* 

10* 

10 

10 


10 

10 

10 

21 

9* 

10 

10 

10 


10 

10 

10 

22 

10* 

9* 

10* 

10* 


10 

10 

10 

23 

10* 

10* 

10* 

10* 


10 

10 

10 

24 


10 

10 

10 


10 

10 

10 

bt 

10 

10 

10 

9 

9 

10 

10 

10 

St 

8t 

9t 

10* 



10 

9 

10 


• Germination slightly retarded, 
t Germination considerably retarded. 
JL — ^Lipman*s; S — Shive’s. 


In view of the osmotic concentration values presented in table 6 and also in 
view of the growth of plants in sand with different moisture contents, the re- 
sults of the germination test are rather interesting. The germination of 
se^ds is evidently not affected by differences in the moisture content of the 
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sand to the same extent, as is the growth of plants. It seems that for the 
initial development of the embryo very little available water is required, and 
that this water can be obtained from nutrient solutions of very high osmotic 
concentration. By consulting table 6 one will observe that the osmotic con- 
centration of the nutrient solutions in the sea sand of the 20 per cent series 
varies from 3.6 to 6.2 atmospheres. This, of course, is considerable, but, it 
seems, that such osmotic concentration does not prevent the seeds from 
obtaining the water for their hydration from the thin films surrounding the 
sand particles. 

II. Germination study in diferent types of agricultural soils 

Procedure 

The results obtained with the sea sand naturally raise the question, whether 
different types of agricultural soils would permit the seeds to germinate under 
identical moisture conditions. 

In order to throw some light on this question, other germination tests were 
made. For this purpose, the following soils, together with sea sand, were 
used: Sassafras light sandy loam. Sassafras medium silt loam, Elkton clay 
loam, and muck. Muck was procured from the fields of the Alphano Humus 
Company,* while the remaining soils were obtained from the fields of the New 
Jersey State Agricultural College and Experiment Stations at New Brunswick. 
The hygroscopic water of the air-dry soil and sand, as well as their water-hold- 
ing capacity, are given in table 12. In this experiment 250 gm. of soil and 150 

TABLE 12 

W ater-holding capacity of diferent soils y as based on air-dry soily and the hygroscopic moisture of 

these soils 


SOIL 

HYGROSCOPIC MOISTURE OF 
THE AIR*ORY SOILS 

WATER'HOLDINO CAPACITY 
(FUNNEL method) 

1 

2 

Average 

1 

2 

Average 


percent 

per cent 

per cent 

pw cent 

per cent 

per cent 

Sea sand 

0 054 

0.054 

0.054 

24.2 

24.5 

24.35 

Sassafras light sandy loam 

0.94 

0 94 

0.94 

27.7 

27.8 

27.75 

Sassafras medium silty loam 

1 72 

1.71 

1.72 

51.9 

53 0 

52.45 

Elkton clay loam 

1.82 

1.80 

1.81 

40.8 

41.3 

41.1 

Muck 

26.19 

25.79 

25.99 

143.6 

144.0 

143.8* 


* By BBgard method average of two determination » 143 . 3 per cent. 


gm. of muck were used in the tumblers. One half of the tumblers remained 
untreated, while the other half received a nutrient solution corresponding to 
the formula of no. 15 in the vegetation experiments (table 2). The moisture 
content of each soil varied from 10 to 80 per cent of its water-holding capacity, 
as based on the air-dry soil. The actual moisture content of each series, that 
is, the hygroscopic water plus the water added to the soil, is given in table 13. 

* The author is indebted to Dr. H. Clay Lint for his kindness in supplying the muck soil. 
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Figure 6 shows the number of seeds germinated in 10 days after the planting. 
To complete the curve for the results with the sea sand the figiures for the 40, 
60 and 80 per cent series were taken from the first experiment on germination 
(table 11). The curves represent the values for the untreated sand or soils. 

TABLE 13 


Actual moisture contents of diferent soils of the various series in the germination experiment 
^ {Water added plus the hygroscopic moisture) 


SERIES 

SEA SAND 

SASSAFRAS LIGBT 
SANDY LOAM 

SASSAFRAS FINE 
SILTY LOAM 

ELKTON CLAY 
LOAM 

MUCK 


per cent 

per cent 

per cent 

per cent^ 

per cent 

10 

2 48 

3.71 

7.47 

5.92 

40.37 

IS 

3.70 

5.09 

10.35 

7.98 

47.56 

20 

4 91 

6.48 

13.22 

10 03 

54.75 

40 

9.77 

12.02 

24.72 

18.25 

83.51 

60 

14.63 

17.56 

36.22 

26 47 

112.27 

80 

19.49 

23.10 

i 47.72 

34.69 

141 .03 


TABLE 14 


Number of barley seeds germinated in 5 and JO days after planting in different soils kept at 

different moisttire contents 


SERIES 

10 

15 

20 

40 

60 

80 

Number of da 3 rs after planting 

a 

m 

5 

m 

5 

10 

5 

10 

5 

10 

5 

10 

Sea sand 













Untreated ~ 


9 

10 


10 

m 







Untreated 


10 

10 

10 

10 

10 







Treated 

3 

9 

9 

m 

10 

10 







Treated 

3 

9 

8 

10 

10 

10 







Sassafras light sandy loam 













Untreated 

0 

0 

0 

0 

0 

5 

10 

10 

5 


5 

5 

Untreated .... 

0 

0 

0 

0 


6 

8 


7 


2 

2 

Treated 

0 

0 

0 

0 


2 



9 


3 

3 

Treated 

0 

0 

0 

0 


3 



3 

3 

2 

2 

Sassafras medium silt loam 













Untreated 

0 

0 

0 

0 

3 

9 

m 

IE 

3 

U 

1 

1 

Untreated 

0 

0 

0 

1 

2 

9 

10 

10 

4 

D 

2 

2 

Treated 

0 

0 

0 

0 

2 

10 

10 

10 

1 

n 

o 


Treated 

0 

0 

0 

o 

3 

9 

10 

10 

2 


0 


Elkton clay loam 













Untreated 

0 

0 

0 


0 

0 

9 

9 

9 

9 

1 

1 

Untreated 

0 

0 

0 


0 


7 

8 

6 

6 

o 


Treated 

0 

0 

0 


0 


9 

9 

7 

7 

4 

4 

Treated 

0 

0 

0 


0 

0 

8 

10 

7 

7 

1 

1 

Muck 









1 




' Untreated 

0 

0 

0 


0 


9 

9 



6 

8 

Untreated 

0 

0 

0 


0 


9 

10 



6 

7 

Treated 

0 

0 

0 


0 

0 

10 

IB 



9 

9 

Treated 

0 

0 

0 

0 

0 

H 

10 

sl 



7 

8 
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Results and discussion 

The results given in table 14 and illustrated in figure 6 show very clearly that 
the soils differ considerably from the sand in their behavior toward moisture. 

In the sea sand a nearly perfect germination was obtained with any moisture 
content studied, which varied from 2.48 to 19.49 per’ cent as based on the dry 
sand. In the soils, however, the curves for germination are entirely different. 
There was no germination in any of the soils at 10 or even 15 per cent of the 
water-holding capacity. In the clay and muck soils there was no germination 
even at 20 per cent of saturation. In both Sassafras soils a considerable 
germination took place at 20 per cent of the saturation, and the maximum 
germination was at 40 per cent. Indeed, in every soil the moisture equivalent 
to 40 per cent of the water-holding capacity was either the best or nearly the 
best for the optimum germination of barley seeds. Sixty per cent of the sat- 
uration for most of the soils was not so good as 40 per cent. In all soils without 
exception the moisture equivalent to 80 per cent of the saturation was very far 
from the optimum for the germination of the seeds. 

On the whole, the sand has a much greater range in moisture for good germi- 
nation of barley seeds, while in the different soils studied the range is consid- 
erably narrower. In soils with the low moisture content the failure of seeds 
to germinate was due, partially perhaps, to the high osmotic concentration. 
But the dominant factor, it seems, was the lack of a sufficient amount of free 
water around the seeds. That water had been taken in by the seeds was evi- 
dent from the fact that, after 10 days from planting the barley, in 20 and even 
15 per cent of the water-holding capacity (in several cases, in 10 per cent, as 
well) the seeds examined were swollen considerably. But there was not 
enough of the free water to start the embryo cells to multiply. On account 
of the internal friction the movement of water in soils is slower than in sand. 
In different soils the rate of the movement of water decreases with the increase 
in the per cent of the fine material, and the movement of the moisture in the 
same soil decreases with the decrease beyond certain limits in the moisture 
content. Besides, at the same degree of saturation the per cent of free water 
is undoubtedly different in different types of soil. These facts account for the 
variations in the behavior of the sand and soils in the present experiment. 

The failure of the seeds to germinate normally in the soils having a moisture 
content 80 per cent of the saturation is possibly due to the poor aeration and 
the lack of oxygen for the metabolism of the seed tissue. 

The treatment of the soils or the sand with the nutrient solution had a very 
limited effect, if any, on the ability of seeds to germinate. The salts, used would 
correspond to but a normal application in farm practice. Based on pounds 
per acre of 2,000,000 pounds in soils and 1,000,000 pounds in muck, the appli- 
cation of salts would equal to 2,000 pounds of calcium carbonate, 200 pounds 
of kmmonium sulfate, 400 pounds of monopotassium phosphate, 200 pounds of 
magnesium sulfate and 50 pounds of ferrous sulfate. It seems, therefore, that 
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a normal application of fertilizers, if these fertilizers are well incorporated in 
the soil, does not have any injurious effect on the germination of the seeds in 
question. If the fertilizer is applied in drills at the time of seeding,' the soil 
solution immediately surrounding the seeds may become very concentrated, 
and, consequently, an injurious effect on seed germination may be expected. 
Any drought prevailing during the germination period, may still further aggra- 
vate the situation brought about by the fertilizer treatment. 

< SUMMARY 

The experimental work described above deals with the effect of ammonium 
sulfate, as used in different combinations with other salts, on the germination 
and the growth of barley in sand and soil cultures with different moisture con- 
tents. The fertilizer treatment consisted of ammonium sulfate, monopotas- 
sium phosphate, calcium carbonate, magnesium sulfate and ferrous sulfate 
in different proportions. The effect of different amounts of potassium chloride, 
sodium chloride, sodium nitrate, calcium sulfate, aluminum sulfate, and sodium 
silicate on the main formula of the fertilizing treatment also was studied. 
The osmotic 'concentration of the nutrient solutions in many cases was de- 
termined both before and after the application of these solutions to the sea 
sand or the Sassafras light sandy loam, in which the plants were grown. The 
moisture content was kept more or less constant by adding water daily and 
weighing the pots every other day, each time bringing the moisture content to 
the original. The moisture of the pot cultures was kept at four different per- 
centages: 20, 40, 60 and 80 per cent of the water-holding capacity of the sand 
or the soil studied. In the germination experiment, besides the four variations 
mentioned above, moisture contents of 10 and 15 per cent of the water-holding 
capacity also were included. 

The results obtained in these studies may be summarized as follows: 

1 . The moisture content of the soil has a very marked influence on the growth 
and the development of plants. In the sand cultures the plant yield increases 
on the increase in moisture content from 20 to 80 per cent of the water-holding 
capacity of the sand. In the Sassafras light sandy loam the plant yield in- 
creases with the increase in moisture content up to 60 per cent of the water- 
holding capacity of the soil, while the further increase in moisture brought a 
considerable decrease in the yield of dry matter of barley. The plant growth 
in the soil or sand kept at a moisture content equivalent to 20 per cent of sat- 
uration was very small, and without any direct relation to the water present, 
as compared with the series of the higher moisture content. 

2, With a constant moisture content in the sand, the plant yields increased 
with the increase in the application of ammonium sulfate, calcuim carbonate, 
or monopotassium phosphate. The response in the plant growth to the appli- 
cations of these salts in the amounts used was in the order named. In the 
Sassafras light sandy loam a similar response to applications of nitrogen was 
noticed, but not to those of lime, and very little to those of phosphorus. 
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3. The difference in plant growth in the various moisture contents was 
attributed to the two factors, the total plant-food remaining the same: (a) the 
difference in concentration of the soil solution, and (b) the aeration of the soil. 

4. The osmotic concentration of the soil solution increases with the decrease 
in the moisture content of sand or soil, but the changes are not proportional 
to one another. 

5. The change in the osmotic concentration of the soil solution with the 
change in water content from one series to another was greater than the change 
in the osmotic concentration of the soil solution due to the different fertilizer 
treatments, if the water content remained the same. 

6. In cultures with the moisture content corresponding to 80 and 60 per cent 
of the water-holding capacity, the osmotic concentration of the soil solution 
varied between 0.7 and 1.5 atmospheres in sea sand, and between 0.31 and 0.85 
atmosphere in Sassafras light sandy loam. With a moisture content corre- 
sponding to 40 per cent of the water-holding capacity the corresponding values 
for sand were 1.2 and 2.6 atmospheres, and for soil, 1.7 and 2.0 atmospheres. 
With 20 per cent of the water-holding capacity the maximum and the minimum 
values in sand were 3.6 and 6.2 atmospheres, respectively, and in soil, 7.5 and 
9.4 atmospheres. 

7. The osmotic concentration of the soil solution following the normal 
application of a fertilizer is not great enough to influence plant growth, if the 
moisture content of the soil is at its optimum (about 60 per cent of saturation). 
It becomes an important factor only when the moisture content of the soil is 
considerably reduced (to 40 per cent of the saturation, or lower). 

8. On adding the nutrient solution to the soil its osmotic concentration de- 
creases, as measured by the cryoscopic method, if the moisture content of the 
soil is maintained at 60 or 80 per cent of its water-holding capacity. In the 
40 and 20 per cent series of the water-holding capacity the osmotic concentra- 
tion of the soil solution after the addition of the nutrient solution was greater 
than that of the nutrient solution itself. By adding the nutrient solution to 
the sea sand at any of these four moisture contents its osmotic concentration 
increased. The latter phenomenon was attributed to the formation of acid or 
^cids with the high moisture content, and to the formation of acid or acids and 
the adsorption of water with the low moisture content. The adsorptive and 
the absorptive capacity of the soil for salts prevented the effect of these two 
agencies from becoming noticeable in the change of the osmotic concentration 
of the soil solution in the Sassafras light sandy loam with 60 and 80 per cent 
of the water-holding capacity. 

9. The osmotic concentration of the soil solution at the end of the growing 
period (30 days) was smaller than at the beginning of the experiment. The 
decrease was greater in the sand than in the soil, and also in the lower moisture 
content than in the higher moisture content of either the sand or the soil. 

10. The nutrient solution consisting of 0.4 gm. ammonium sulfate, 0.8 gm. 
monopotassium phosphate, 2.0 gm, calcium carbonate, 0.2 gm. magnesium 
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sulfate, and 0.05 gm. ferrous sulfate per 2 kgm. of sea sand cultures with a 
moisture content equivalent to 60 per cent of the water-holding capacity was 
benefited by the additional application of magnesium sulfate and ferrous sul- 
fate, and also by small applications of potassium chloride, sodium chloride, 
sodium nitrate, calcium sulfate, and sodium silicate. The beneficial effect of 
these salts on plant growth was attributed to the improvement in the balance 
of the ions of the component salts in the resultant soil solution. Aluminum 
sulfate under similar conditions had caused some injury to plants. 

11. The rigidity of the straw of plants was modified by different salts added 
to the nutrient solution. A proper balance in the nutrient solution is essential 
for the rigidity of the straw. The lodging effect of the large amount of nitro- 
genous material may be entirely subdued by modifying the proportions between 
the component salts in the nutritive solution in sand cultures. 

12. When the evaporation of water from the surface of the sand or of the soil 
was taken together with the transpiration of water by plants, it was found that 
the water requirement of plants diminishes with the increase in plant yield, and 
vice versa. 

Iv3. The use of water by plants in Sassafras light sandy loam is most eco- 
nomical with a moisture content equivalent to 40 per cent of the water-holding 
capacity, and is followed by that of 60 and 80 per cent in the order named. 

14. If plant-food is the limiting factor in either soil or sand, the variations 
in the moisture content do not affect the plant growth. 

15. The germination of seeds of barley is influenced by the same general 
agencies that affect the growth of plants, although not to the same extent. 
The germination in the sea sand takes place even when the moisture content is 
reduced to 10 per cent of the water-holding capacity (2.48 per cent based on tlie 
dry sand), or when it is raised to 80 per cent of saturation (19.49 per cent water). 
In the soils (four different soils having been studied), the limits in moisture 
content between which the germination of seeds can normally take place is 
much narrower. In two soils the germination could not take place at 20 per 
cent of the water-holding capacity, while in no case with the soils studied did 
it take place below this per cent. In all of the soils studied germination was 
retarded at 80 per cent of the saturation. In three soils out of four the best 
germination was observed at 40 per cent, followed by 60 per cent of the water- 
holding capacity. 

16. The treatment of the sand or soil with a nutrient solution at the high 
moisture contents had very little, if any, effect on the germination of barley 
seed's. With the decrease in moisture content there was noticed some retarda- 
tion in seed germination, when it was accompanied by the application of 
nutritive salts. 

The author takes the opportunity to express his gratitude to Dr. J. G. 
Lipman for his kind assistance in selecting and outlining the problem, for his 
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interest and helpful advice during the progress of the work and for constructive 
criticism in the preparation of the manuscript. The author is also indebted 
to Prof. A. W. Blair, Dr. John W. Shive and Mr. C. G. Atwater for their inter- 
est throughout the work and for many timely suggestions. 
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INTRODUCTION 

During the course of experiments conducted at the Ohio Agricultural 
Experiment Station upon the relationship existing between ammonificalion 
and other processes in soils, a comparison of the amounts of ammonia extracted 
from soils by water and 5 per cent hydrochloric acid was made. The results 
obtained are briefly outlined in this paper. 

In a series of soil mixtures including treatments having an influence upon 
the amount of ammonia gradually being produced by the action of ammonify- 
ing organisms, upon added materials such as casein, the fixation of ammonia 
might be greater than if the total amount of ammonia formed was present 
at any one time. A water extract of these soils will not give the full amount of 
ammonia in them, but if it gives a proportional amount to that found by either 
distillation with magnesium oxide or extraction with acid, then for compara- 
tive purposes the ammonia found in the water extract would be just as useful 
as the larger amounts found by distillation or acid extraction. 

McBeth (2) has recently shown that by making an acid extraction of soils 
he could obtain all the ammonia that could be obtained by distilling the soil 
with magnesium oxide, and at the same time get better-checking duplicates 
than could be obtained by distilling with MgO. 

EXPERIMENTAL 

The soils used were all surface soils (0-7 inches) which had been air-dried 
and ground sufficiently fine to pass through a 2-mm. sieve. Three distinct 
types of soil were included in this work; an acid silt loam, whxh is deficient 
in bases and organic matter, a basic black clay, well supplied with organic 
matter, and a very acid peat soil. These are designated as Wooster silt loam, 
Paulding clay, and peat. 

While the data reported were chiefly obtained on different soil mixtures 
used in the investigations previously referred to, these same soils were also 
used in a preliminary experime^it to determine the percentage of added am- 
moniacal nitrogen furnished by ammonium sulfate which could be recovered 
by extraction with water and with acid. 
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Methods 

Portions of the soils were placed in 1-liter bottles and ammonium sulfate 
siifBcient to supply 0.1484 gm, of nitrogen was added to half of the bottles. 
Water or 5 per cent hydrochloric acid was added at the rate of 500 cc. per 100 
gm. of soil and extraction continued for 30 minutes with constant shaking in a 
machine. Nitrogen as ammonia was determined by distilling duplicate 200-cc. 
portions with O.S gm. of freshly-calcined magnesium oxide, first exactly neu- 
tralizing the acid extracts with sodium hydroxide. 

The distillation was made in 500-cc. flasks, the distillate first passing through 
a second and smaller fiask used as a scrubber, and from this through Pyrex 
glass tubing into Pyrex Erlenmeyer flasks; Pyrex glass being found as satis- 
factory as quartz for this purpose. As the acid in the receiving flask became 


TABLE i 

Recovery of added nitrogen by water and 5 per cent hydrochloric acid 


SOIL 



NITKOGEN 

RECOVEKEO 



By Wat« 

1 By Acid 

Nitrogen 

from 

soil alone 

From soil 
+0.1484 
gm. 

nitrogen 
in am- 
monium 
sulfate 

Incrmse 

Percent 

recovered 

Nitrogen 

from 

soil alone 

From soil 
+0.1484 
gm. 

nitrogen 1 
in am* 
monium 
sulfate 

Increase 

Per cent 
recovered 



gm. 

gm. 


gm. 

gm. 

gm. 


Wooster silt loam 

0.0 

0.0941 

0.0941 

63.41 

0.0073 

0.1562 

0.1489 

100.00 

Paulding clay 

0.0 

0.0586 

0 0586 

39.48 

0.0117 

0.1437 

0.1320 

88.94 

Peat 

0.0073 

0 0949 

0 0876 

59.48 

0 0155 

0 1355 

0.1200 

80.86 


very hot, the flasks were cooled under a water tap before the back titration 
was made with N/20 sodium hydroxid solution, methyl red being used as the 
indicator. 

The results obtained by the above treatments are given in table 1. 

The water extraction has failed to give more than 60 per cent of the added 
ammonia, while the acid extraction gave complete recovery in one case and 
more than 80 per cent in the other two cases. 

Further and more conclusive data were obtained by determining both 
water and acid-soluble ammonia produced in a series of differently-treated 
soils that were being used in an investigation pertaining to the relation between 
sulfofication, nitrification, and ammonification in soils (1). 

The different treatments for the Wooster soil with the water and acid-soluble 
ammonia obtained are given in table 2. 

In ttiis series of soils, twenty-seven 500-gm. portions of Wooster soil were 
weighed out into quart jars on March 16, 1917, and the treatments added as 
designated in the tabulation of results. These soils were kept under control 
sq, that optimum conditions of temperature and moisture prevailed. After 
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standing for a period of 17 weeks, the soils were thoroughly mixed and 400 gm. 
of each was extracted for 16 hours with 2500 cc. of distilled water free from 
ammonia and nitrates. These soil solutions were filtered through Berkfield 
filters, with an air pressure of 20 poimds. The solutions obtained were dear 
and free from sediment. 


TABLE 2 


Nitrogen m parts per million of soUf extracted from diferently-treated samples of Wooster silt loam 


TWEATinSKT 

AMMONIACAL NITROGEN 

INCREASE OF AaO 
OVER .WATER 
EXTRACTION 

SuUur 

Casein 

Calcium 

carbonate 

Extracted with 
water 

Extracted with 
acid 

gm. 

gm 

gm. 

P P> 

p.p.m. 

p. p. m. 

0.0 


0 0 

0 0 j 

0.0 

0.0 

0.0 

1.75 

0.0 

132 3 

196 0 

64 0 

0.0 


2.0 

0.0 

0.0 

0.0 

0.0 

1.75 

2 0 

0 0 1 

14.0 

14.0 

0 0 


0 0 

0 0 

0 0 

0 0 

0.0 

1.75 

0 0 

131 2 

183.0 

52.0 

0.0 


2 0 

0.0 

0.0 

0.0 

0.0 

1.75 

2 0 

0 0 

10.5 

10 5 

0.5 


0 0 

32 8 

60.0 

32 2 

0.5 

1.75 

0 0 

328.0 

416.0 

88.0 

0.5 


2 0 

0 0 

0.0 

0.0 

0.5 

i 1.75 

2 0 

0 0 

51.0 

51.0 

0.5 


1 0 

28 4 

45.5 

17.1 

0.5 

1.75 

1 0 

240.6 

324 0 

84 0 

0.5 


0.5 

45.0 

47 0 

2.0 

0.5 

1.75 

0 5 

207.7 

306.0 

99.0 

0.5 

0.00 

0 0 

48.1 

89 0 

41.0 

0.5 

1.75 

0.0 

328 1 

455 0 

127.0 

0.5 


2 0 

0 0 

0 0 

0.0 

0.5 

1 75 

2 0 

87.5 

131.0 

43.5 

0.5 

0 00 

1 0 

37.1 

70.0 

32.9 

0.5 

1.75 

1.0 

278.0 

378.0 

100.0 

0.5 

0 00 

0 5 

42.5 

87.0 

44.5 

0.5 

1 75 

0.5 

288.7 

390.0 

103 0 


All results are averages of duplicate determinations. A comparison of the 
amounts of ammonia extracted by water and acid from the soil with and 
without the addition of casein is shown in table 3. 

When casein was not included in the treatment added to the soil, the amount 
of nitrogen as ammonia found by both the water and acid methods of extrac- 
tion is much less than when casein was included in the treatment. With the 
smaller amounts of ammonia found in the soil without casein the acid extrac- 
tion shows a high percentage increase, the acid extracting about 67 per cent 
more nitrogen as ammonia than did water. That this increase is not due to 
the acid extracting nitrogen from other than ammoniacal compounds is evident 
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hom the fact that in six of the twelve samples, no nitrogen as ammonia was 
extracted by either water or acid treatment. In these six' samples conditions 
were favorable for nitrification and any ammonia produced was changed to 
nitrates. 

TABLE 3 


Comparison of ammonia extracted from Wooster silt loam with and without the addition of casein 
by water and 5 per cent hydrochloric acid 


TREATMENT 

WATER— 

EXTRACTED 

AMMONIA 

Aan- 

EXTRACTED 

AMMONIA 

INCREASE or 
AaD OVER 
WATER 
EXTRACTION 

PER CENT 
INCREASE 

Sulfur 

Casein 

Calcium 

carbonate 

With casdn 


itn. 

gm. 

p. p, m. 

ppm. 

p. p.m 


0.0 

1 75 

0.0 

152 

196 

64 

48 4 

0 0 

1 75 

2.0 

0 

14 

14 

14.0 

0.0 

1.75 

0.0 

131 

183 

52 

39 6 

0 5 

1.75 

2 0 

0 

10 

10 

10 0 

0 5 

1.75 

0.0 

328 

416 

88 

26 8 

0.5 

1.75 

2 0 

0 

51 

51 

51 0 

0.5 

1.75 

1.5 

240 

324 

84 

35.0 

0 5 

1.75 

0.0 

207 

306 

99 

47 8 

0.5 

1 75 

0 0 

328 

455 

127 

.?8 7 

0 5 

1.75 

2 0 

87 

131 

43 

49.7 

0.5 

1 75 

1.0 

278 

OO 

100 

35 9 

0.5 

1 75 

0.5 

288 

390 

103 

35 7 


Without casein 


0.0 

0.0 

* 0.0 

0 

0 

0 

0.0 

0.0 

0.0 

2 0 

0 

0 

0 

0 0 

0.0 

0,0 

0.0 

* 0 

0 

0 

0.0 

0.5 

0.0 

2.0 

0 

0 

0 

0 0 

0.5 

0.0 

0.0 

32 

59 

27 

83.0 

0.5 

0.0 

2.0 

0 

0 

0 

0.0 

0.5 

0.0 

1.0 

24 

45 

21 

87.0 

0.5 

0.0 

0.5 

45 

47 

2 

4.4 

0.5 

0.0 * 

0.0 

48 

89 

41 

85.2 

0.5 

0.0 

2.0 

0 

0 

0 

0.0 

0.5 

0.0 

1.0 

37 

70 

32 

88.6 

0.5 

0:0 ! 

0.5 

44 

87 

43 

104.7 


In the mixtures where ammonia was found, the oxidation of sulfur included 
in the treatment has depressed nitrification and the change from proteid to 
nitric nitrogen did not proceed completely, part of the ammonia formed re- 
maining as ammonium sulfate. In each of these samples the ratio of the 
water-«ctracted ammonia to that extracted with acid is the same in each case, 
being 1.8 parts by acid for every part by water. 

< When casein was included in the treatments added to the soil, the amount 
cd nitrogen as ammonia found was greatly increased and the amount extracted 
by water approaches that extracted by acid. 
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As in the case of^^he soils without added casein when conditions were favor- 
able for nitrification, the amount of ammonia found is small, but when the 
acidity developed by the oxidation of added sulfur has not been neutralized 
by calcium carbonate, the amount of ammonia found is high. In eight such 
cases the ratio of the water to acid-extracted ammonia is 1.3 parts by acid 
extraction to each part extracted with water. 


Extraction of ammonia from Paulding clay 

This soil is a very basic clay soil and differs very much from the Wooster silt 
loam. No casein was added to this soil, as it contains much natural organic 
matter. The results with this soil are found in table 4. 

TABLE 4 


Extraction of ammoniacal nitrogen from basic Patdding clay 


TSEATMENT 

AMMONIACAL NITROGEN 

INCREASE OF AOD 
OVER 

WATER EXTRACTION 

Sulfur 

Calcium carbonate 

Extnicted with 
water 

Extracted with 
acid 

gm. 

gM. 

p. p. m. 

p.p. m. 

p. p.m. 

0.0 

0.0 

10.9 

78 

67.1 

0.0 

0.5 

10.9 

56 

45.1 

0.0 

0.0 

10.9 

35 

24.1 

0.0 

0.5 

0.0 

52 

52.0 

0.5 

0.0 

10.9 

44 

33.1 

0.5 

0.5 

10 9 

47 

36.1 

0,5 

0.25 

9.8 

64 

44.2 

0.5 

0.0 

9.8 

78 

68.2 

0.5 

0.5 

10.9 

52 

41.1 

0 5 

0.25 

16,9 

54 

37.1 


With this basic clay soil which contains 10 parts per million of water-soluble 
nitrogen as ammonia, the 5 per cent hydrochloric acid solution has been able 
to extract an average of 50 parts per million of nitrogen. 

With this clay soil the ratio of the water- to the acid-extracted ammonia 
is 4.6 parts of acid-extracted ammonia for every part extracted by water. 

jExtraction from peat 

The peat used was an acid peat of rather raw texture. The solution ob- 
tained from this soil was highly colored but without sediment. The results 
for the peat are given in table 5. 

The Wgh figures obtained for ammonia from this peat by acid extraction 
might cause one to believe that other than ammonium compounds had been 
extracted by the acid, but it must be remembered that in the preliminary 
work^ the 5 per cent hydrochloric acid was able to recover only 80 per cent of 
the added nitrogen from this peat. 
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TABLE 5 


Extraction of ammoniacal nitrogen from an acid peat 


TREATMENT 

AMMONIACAL NITROGEN 

INCREASE OF 
Aao 

OVER water 
EXTRACTION 

m CENT 
INCREASE 

Sulfur 

Calcium 

carbonate 

Extracted with 
water 

Extracted with 
acid 

gm. 

gm. 

p.p.m. 

p,p. m. 

p.p.m. 


0 00 

0.00 

259 

525 

266 

102.7 

0.00 

1.50 

122 

210 

88 

72.1 

0.00 

0.00 

252 

532 

280 

111 1 

0.00 

1.50 

115 

203 

88 

76.5 

0.15 

0.00 

357 

598 

241 

67.5 

0.15 

1.50 

399 

684 

285 

71.4 

0.15 

0.75 

406 

595 

189 

46.5 

0.15 

0.30. 

402 

595 

193 

48.0 

0.15 

0 00 

392 

630 

238 

60.7 

0.15 

1.50 

318 

630 

312 

98.1 

0.15 

0.75 

420 

700 

280 

66.6 

0.15 

0.30 

403 

626 

223 

55.3 

0.00 

0.00 

252 

544 

292 

115.8 


SUMMARY 

While in no case has the water extraction given the full amount of ammonia 
from the different soils, yet in each group a certain ratio appears to exist be» 
tween the amounts extracted by the tw:o methods, and for comparative use, 
the ammonia found in the water extract would be just as useful as the some- 
what larger amount found by extracting the soil with 5 per cent hydrochloric 
acid. 
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Little is known concerning the natural habitat of most microorganisms, 
hence any contribution to this phase of bacteriology will furnish welcome and 
valuable information to students of this subject. 

During the autumn of 1915 at the New Jersey Agricultural Experiment 
Station, in the course of certain bacteriological investigations of soil, a colony 
resembling Bacterium lactis viscosum was found on a plate of beef broth agar. 
The plate had been poured from a dilution of 1 to 50,000. The soil was a 
Sassafras sandy loam which had not been manured with cow dung for at 
least 3 years. The writer’s attention was directed to this colony on account 
of its great viscosity and its reddish tint. After isolation in pure culture oi\ 
agar slants, its morphological and cultural characteristics were determined, 
including its action on milk. The organism corresponded with Conn’s de- 
scription in every particular except that in the soil culture the reddish color 
was somewhat more pronounced on solid media. It also agreed very well 
with the stock laboratory culture of Bact. lactis viscosum. 

The next year (1916), another organism of this type was isolated from a 
large decayed soybean nodule. It made appreciable growth on Ashby’s 
mannitc agar, which is nearly nitrogen-free. On account of the very viscid 
, nature of the colony it was transferred to broth agar and the cultural char- 
acteristics of the bacterium determined in the usual way. These tests con- 
firmed the indication that the organism was Bad, lactis visocsum. It pro- 
duced some pigment but this character was not nearly as pronounced as in 
the organism first isolated. After three transfers on broth agar, it was re- 
planted on Ashby s mannite agar but no growth v^as observed. The organ- 
ism had apparently lost its power of living on this nitrogen-poor medium. 
Perhaps like many other freshly-isolated soil organisms it is able for a short 
time to fix some atmospheric nitrogen. 

The soybean field from which this second organism was isolated, was located 
within a hundred yards of a heap of horse manure but no cow dung had been 
added to the soil in several years. Cattle had not been allowed to roam on 
either field for over twenty years. The soil on which the soybeans grew was 
a Penn shaley loam. 

The presence of this organism in soils of two different types, indiiates that 
the soil is probably a natural medium for the development of this widely 
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distributed and trouble-causing organism. From at least three cases of slimy 
milk in the state of New Jersey during the past two years^ identical cultures of 
this organism were obtained. If the soil is a home of this bacterium, then the 
sporadic outbreaks of ropy milk in dairies throughout the country may be 
more readily understood. At first usually but one teat of the cow is affected, 
then it spreads rapidly to the other teats or other animals unless promptly 
checked. Unless all utensils which come in contact with ropy milk are 
thoroughly sterilized, they may harbor the organisms and be a potent source 
of trouble for a long time. The organism does not form spores, but there are 
many other non-spore-forming bacteria in the soil. Perhaps the slime pro- 
duced serves as a sort of protection and aids it to multiply and live in the soil. 

StTUMARY 

Two organisms, corresponding to written descriptions and laboratory cul- 
tures of Bact. lactis viscosum, were isolated from two different soils, which had 
not received applications of cow dung for several years. It is probable that 
the soil is a natural habitat of this organism. 
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